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Superior properties of Silicon Carbide (SiC), such as wide bandgap, high
breakdown field and high thermal conductivity, have made it the frontrunner to replace
Silicon for applications requiring high breakdown strength, mechanical and radiation
hardness. Commercial SiC devices are already available, although their expected
performance has not yet been realized due to a few problems related to device fabrication
technologies, such as selective doping.
This work explores non-traditional techniques for SiC doping (and selective
doping in particular) based on previously unknown types of defect reactions in SiC and
novel epitaxial growth techniques, which offer advantages over currently available
technologies.
Recent developments in SiC epitaxial growth techniques at MSU have enabled
the growth of high quality SiC epitaxial layers at record low temperatures of 1,300oC.

Lower growth temperatures have enabled highly doped epilayers for device applications.
Prototypes of SiC PiN diodes fabricated, demonstrated low values of the series resistance
associated with anodes grown by the low temperature epitaxial growth technique. At
room temperature, 100 μm-diameter diodes with a forward voltage of 3.75 V and 3.23V
at 1,000 A/cm² before and after annealing were achieved. The reverse breakdown voltage
was more than 680 V on average, even without surface passivation or edge termination.
Reduced growth temperatures also enabled the possibility of selective epitaxial
growth (SEG) of SiC with traditional masks used in the SEG in Si technology.
Previously, SEG of SiC was impossible without high temperature masks. Good quality,
defect free, selectively grown 4H-SiC epilayers were obtained using SiO2 mask. Nitrogen
doped selectively grown epilayers were also obtained, which were almost completely
ohmic, indicating doping exceeding 1x1019 cm-3.
Moreover, conductivity modulation via defect reactions in SiC has been reported
as a part of this work for the first time. The approach is based on a new phenomenon in
SiC, named Recombination Induced Passivation (RIP), which was observed when
hydrogenated SiC epilayers were subjected to above bandgap optical excitation.
Additional acceptor passivation, and thereby modification of the conductivity of the
epilayer, was observed. Results of investigations of the RIP process are presented, and
conductivity modulation techniques based on the RIP process are proposed.
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CHAPTER 1
INTRODUCTION

Most of the current state-of-the-art advanced semiconductor devices require
selective doping and often a precise control of the impurity profiles with an accuracy of
50 to 100 Å [3]. Diffusion, ion implantation and epitaxial growth are the most commonly
used techniques for selective doping of traditional semiconductor materials (e.g., Silicon,
GaAs). While epitaxial growth can only be used for uniform doping over the entire
surface, it cannot be used for laterally patterned doping that is very often required for
device applications, unless subsequent mesa formation by etching is possible. Therefore,
laterally-selective doping is usually carried out either by diffusion or ion implantation.
Diffusion and ion implantation involve either high-temperature or high-energy processing
(or both in the case of SiC), which may become problematic for Bipolar and CMOS
technologies where lower thermal budget processing and low lattice damage are desirable.
As will be described in the subsequent sections, diffusion and ion implantation
techniques are even more problematic for SiC devices and especially integrated circuits.
This work focuses specifically on doping in SiC and explores non-traditional techniques
for SiC doping which offer advantages over currently available technologies.
1

1.1 SiC Material
Power devices in the present day are required to serve a wide range of power
ranges and applications (fig. 1.1). Expectations associated with SiC are based on the fact
that no major increase in the power handling capability is expected from the Si
technology. SiC, on the other hand, is expected to bring about a major revolution in the
power device industry. According to [83], it is expected to grow to an $800 million
market by the year 2015.

Figure 1.1.

Operational power specifications for power devices [71].

In recent years, a number of SiC devices have been developed for application in
the power semiconductor industry. Commercial SiC diodes have been developed that are
capable of blocking more than 12kV with a forward current rating of 20A [83]. These
2

diodes have found their use in high-end power factor correction circuits. Apart from that,
commercial SiC JFETs with modified designs of the channel have been reported, with a
blocking voltage of 12kV. These devices that have low power losses were shown to be
stable in their operation from 25oC to about 150oC with low specific on-state resistance
[84]. They find their place in applications such as solar inverters, UPS and motor drives.
Other devices demonstrated recently include SiC gate turn-off thyristors (GTO), in the
range of 400V to 2.6kV, and SiC MOSFETs, with low gate current at a rated voltage of
5kV [85].
The superior physical properties of SiC, such as high breakdown field strength,
high thermal conductivity and high thermal stability makes it one of the most promising
candidates to replace Si in the power electronic industry for high-power, hightemperature and high-frequency applications. Silicon carbide, being a wide bandgap
semiconductor, has a large bandgap of ~3eV, which is almost three times that of Silicon.
This important property of SiC enables it to withstand high voltages and temperatures
and also enables the production of high density devices. Silicon carbide has a high
thermal conductivity of 4.9W/cm-K, which is about three times that of silicon, and a high
breakdown field of ~3 MV/cm, which is four times that of silicon, making it the ideal
choice for high-power applications.
Some of these properties for other semiconductors and a few of the most
commonly used SiC polytypes are compared in Table 1.1.

3

Table 1.1
Comparison of properties of a few materials
Si

GaAs

4H-SiC

6H-SiC

Bandgap (eV)

1.12

1.42

3.2

3

Thermal Conductivity
(W/cm-K)

1.5

0.5

4.9

4.9

Electron Mobility @
1x1016 cm-3 (cm2/V-s)

1100

6000

800

370

Hole Mobility @
1x1016 cm-3 (cm2/V-s)

420

320

115

90

1x107

1x107

2x107

2x107

0.2

0.6

3

3.2

Saturated Electron
Drift velocity (cm/s)
Breakdown Field
(MV/cm)

Silicon carbide occurs in numerous kinds of polytypes. This particular property
by which a material may exist in many different polytypes is called polytypism. It has
been reported that SiC may exist in infinite polytypes and that more than 200 of them
have been discovered. Due to the differences in crystal structure, the polytypes vary in
their thermal, electrical and optical properties.
Incorporation of defects or dopants in SiC may either be unintentional, during
various growth and fabrication steps, or, in many cases, intentional to alter electrical and
physical properties of the material for a specific purpose. For example, impurities may be
4

intentionally incorporated to change the conductivity of the material or to reduce minority
carrier lifetime.
The dopants most commonly used in SiC are nitrogen for n-type conduction and
aluminum and boron for p-type conduction. The dopants in SiC polytypes substitute host
atoms in the interstitial sites and give rise to shallow acceptors or donor levels. As
mentioned previously, nitrogen is most commonly used for creating n-type SiC layers. It
is highly soluble in SiC, and it has the smallest activation energy among all the
impurities. Two shallow nitrogen levels of 0.052eV and 0.091eV are known in 4H-SiC.
The probabilities of occupation of the two sites are almost equal. Various nitrogen levels
corresponding to the quasi-cubic and hexagonal lattice sites were found in all main SiC
polytypes, and for each level, the occupation probabilities were found to be nearly equal.
In this work, two levels for nitrogen were used in all the simulations of the electrical
properties of 4H-SiC are 42meV and 84meV, corresponding to the hexagonal and cubic
sites, respectively.
In SiC, Al and B are the common impurities used to obtain a p-type material.
Among p-type dopants in SiC, the behavior of Al atoms is found to be well understood
[25]. It has been found to occupy the Si site, thus producing a shallow acceptor level of
energy of 0.19 to 0.23eV. On the other hand, the behavior of boron was found to be a bit
more complicated since it can occupy both the Si and the C sites. Boron produces a
shallow level at about 0.32eV and a deeper so-called D-center of energy at about 0.55eV

5

[25]. Compared to aluminum, boron has a larger activation energy, due to which smaller
amount of boron atoms are ionized at room temperature.
1.2 Doping of SiC

1.2.1 Problems with traditional doping techniques in SiC
Traditionally, doping of SiC was conducted using the same techniques as those
used for Si – epitaxial growth, diffusion and ion implantation. However, due to the
material properties of SiC, the conditions, control and efficiency of the doping are much
more complicated [4].

1.2.1.1 Low diffusivity in SiC
Thermal diffusion is not a viable method for selective doping in SiC, due to the
fact that extremely high temperatures are required for achieving nominal diffusion. It has
been reported that, due to high thermal stability of SiC and low atomic mobility,
temperatures around or in excess of ~1,800ºC are needed for most elements to reach
reasonable diffusivities (10−13 cm2/s) [4]. Moreover, for thermal diffusion of dopants in
SiC, it has been observed that only light elements with a small atomic radius, like
hydrogen, lithium, beryllium, and boron, significantly diffuse under equilibrium
conditions at temperatures below 1800ºC. The main dopants do not show any meaningful
diffusion. Additionally, precise control of the doping concentration has been observed to

6

be extremely difficult, and the diffusivity varied based on the Fermi level position in the
material and the charge state of the dopants [4].

1.2.1.2 Problems with Ion Implantation in SiC
Ion implantation, on the other hand, has appeared to be the only feasible method
to accomplish selective-area doping in planar SiC devices until now [4]. This is due to the
fact that ion implantation is suited for introducing dopants in semiconductors with the
ability to accurately control the dopant concentration and the thickness of the implanted
region without too many constraints [4]. However, ion implantation has a few important
drawbacks in SiC, which advertently affect the performance of SiC devices.
One of the major drawbacks is the generation of implantation damage, which
deteriorates the crystalline structure of SiC [4]. These defects are caused by the high
energy bombardment of the lattice by the dopant ions. It has been experimentally
observed that the degree of damage can range from the generation of point defects caused
by single-collision cascades at low ion doses to complete amorphization of SiC at high
doses [4].
Another drawback of doping by ion implantation is that a post implant annealing
is required to electrically activate the implanted dopants. This is due to the fact that
implanted atoms do not contribute to the free carrier concentration unless they are
activated, which means that they substitute for host atoms in the lattice. Annealing is
known to help in activating the dopants by substitutionally filling the lattice sites [4]. Due
7

to the low diffusivity of impurities in SiC, the post implantation annealing in this material
requires high temperatures typically above 1700oC, which may significantly degrade the
SiC surface morphology. Also, different dopants require different activation temperatures.
It has been reported that the activation levels for nitrogen (n-type) are above 50%, but
acceptor activation (Al, B etc) are less than 10%, and are often below 1% [6]. In order to
obtain high doping concentrations, which are often needed to fabricate ohmic contacts
with sufficiently low contact resistance, a very high dose of the dopants is required,
which magnifies the problem of the lattice damage and, consequently, inhibits the device
performance.
In most semiconductors the post implantation annealing also aids in reducing the
lattice damage that is caused by the implantation. However, the healing of the defects is
not complete in SiC, in contrast to the nearly complete lattice recovery in Si. Also, there
are problems associated with annealing-induced surface degradation at these high
temperatures. High annealing temperatures needed to attain high activation ratios lead to
severely roughened surfaces (Figure. 1a) [5]. In addition, undesirable forms of surface
reconstruction (e.g., step bunching) can result at such high temperatures (fig. 1b). The
step bunching is noted to be highly sensitive to the anneal temperature and the ambient.
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Figure 1.2.

(a)Surface roughness and (b) Step bunching problems observed in Ion
Implanted 4H-SiC after anneal [6].

It has also been observed that the roughness increases with increased annealing
temperatures.

1.2.1.3 Epitaxial Growth
Epitaxial growth is most commonly used to obtain device-quality layers with the
required doping for the topology of the devices. This method can only be used for
uniform doping over the entire surface. SiC epitaxial growth by chemical vapor
deposition (CVD) is typically done at temperatures of around 1600oC [4]. Epitaxial layers
with high growth rates are achieved at growth temperatures of about 1600oC.
Though epitaxial growth of SiC at traditional temperatures in SiC is beneficial for
producing high growth rates, lower temperatures may offer additional benefits, such as a
possibility of enhancing the incorporation and the control of dopants during growth and
selective growth by using simple masking materials such as SiO2.
9

It has been demonstrated that a reduction of the epitaxial growth temperature may
be beneficial for facilitating the incorporation of certain dopants during epitaxial growth
on the Si-face of SiC substrates, thereby enabling the possibility of producing higher
doped epilayers [82]. This could be beneficial for the enhanced performance of power
devices. Also, lowering the growth temperatures provides the possibility of using the well
known technique of selective epitaxial growth, used in silicon fabrication technology to
SiC technology. Traditional masking materials such as SiO2 and Si3N4 cannot withstand
the traditional growth temperatures used for SiC epitaxial growth. This may be overcome
by the growth temperature reduction, which is one of the main focus of this work.

1.2.2 Problems with selective doping of SiC
Alternative approaches of selective doping include forming blanket epitaxy by
conventional epitaxial growth processes such as CVD. While epitaxial growth can only
be used for uniform doping over the entire surface, it cannot be used for laterally
patterned doping very often required for device applications. In this case, selective
removal by etching subsequent to the blanket epitaxy can be used to form the required
device topology. One of the main problems with using this method is that SiC is
extremely inert and cannot be etched by wet chemical etching. It can however be etched
by using dry etching for e.g., by using plasma etching in fluorine based chemistries (SF6)
and Reactive Ion Etching (RIE). Dry etching of SiC involves exposing the samples to
high temperature plasma, which may not always be desirable after a few processing steps.
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Additionally, it has been observed that a high degree of bias can lead to increased etch
damage from the energetic ion bombardment during dry etching of SiC. [63]. Moreover,
the control of the etching may be more complicated.
In order to address these and other problems for realizing selective doping in SiC
without compromising materials quality and fabrication costs, this work explores nontraditional methods of achieving these goals.

1.3 The scope and organization of this dissertation
The objectives of this work are aimed at addressing critical problems in SiC
doping (including selective doping), which prevent many SiC devices from exhibiting
impressive theoretically predicted performances. This work addresses these problems by
exploring alternative non-conventional techniques to achieve the selective doping
required for the fabrication of the device topology.

While some of the techniques

targeted in this dissertation are developed to a level of significant maturity, few other
techniques have been explored to the stage of demonstrating their feasibility. Additional
process development may be needed for those techniques to be applied toward fabrication
of high quality SiC devices.
The organization of this dissertation is as follows:
Chapter I
This chapter gives an introduction to SiC doping (and selective doping in particular).
Conventional techniques available to achieve selective doping of SiC and the issues
11

related to each of the techniques are discussed. Furthermore, this chapter also gives an
introduction to a few non-conventional methods of achieving conductivity modulation in
other semiconductors such as silicon, which are potentially relevant for SiC.
Chapter II
This chapter gives a review of the interaction of hydrogen in SiC, which is the basis of
the first non-conventional technique proposed in this work. The ability of hydrogen to
passivate defects and impurities and mechanisms of this passivation are discussed in
detail. Selective epitaxial growth (SEG) in microelectronic fabrication is reviewed as a
promising application for the novel low-temperature epitaxial growth method for SiC
developed in this work.
Chapter III
This chapter gives a brief outline of the experimental approach and its setup and different
characterization techniques used to characterize semiconductor (SiC) layers and devices.
In addition, models and assumptions used in the computer aided numerical simulations
conducted in this dissertation are discussed.
Chapter IV
This chapter presents the results obtained for non-conventional doping techniques
proposed in this work. Results of structural and electrical characterization of the SiC
layers and devices thus formed are presented.
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Chapter V
This chapter briefly summarizes the dissertation and the results obtained in this work.
Finally, recommendations for future work are also discussed.
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CHAPTER 2
THEORY & LITERARY REVIEW

2.1 Introduction to passivation based conductivity modulation
Hydrogen has been a prominent part of research in semiconductors over the past
few decades. This is partly due to the fact that hydrogen may easily get incorporated
(intentionally or unintentionally) into the bulk of semiconductors during various
fabrication and processing steps. For example, many fabrication processes use gases like
AsH3, SiH4 and NH3, which tend to introduce large amounts of hydrogen in the bulk of
the semiconductor.
Also of major interest is the ability of hydrogen to passivate deep and shallow
defects in semiconductors. The term “passivation” refers to reduction of the electrical
activity of the defects by shift or removal of the corresponding energy levels from the
semiconductor bandgap, or reduction of its carrier scattering capabilities. For example,
hydrogenation has been widely studied in photovoltaic materials since it can passivate
crystal defects, such as point defects, dislocations and grain boundaries. Apart from
crystalline defects, hydrogen has also been known to passivate shallow and deep
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impurities or dopants in a variety of semiconductor materials. Passivation of donors and
acceptors was reported, for example, in Si, GaAs and GaN [16-18].
A possibility of precisely controlling the conductivity in selected areas of
semiconductors using defect reactions, such as passivation of dopants by hydrogen, is
extremely attractive for micro- and nano-scale device applications. A new technique for
selectively controlling the conductivity in SiC using hydrogen-based defect reactions is
proposed in this work and discussed in detail in further sections.

2.1.1 Studies of defects in semiconductors: passivation-based conductivity
modulation
The phenomena of passivation of acceptors by hydrogen were first observed by
Sah et al, which was the deactivation of boron acceptors in silicon by hydrogen [16].
Later researchers have found that 99% of shallow acceptors in Si can be neutralized by
atomic hydrogen [17]. They found that acceptors like boron, aluminum, gallium, and
indium can be passivated by hydrogen in polycrystalline silicon [17]. Donor passivation
by hydrogen in silicon was found to be not as effective, and the donor complexes formed
were unstable [18]. Pankove et al also showed that Boron in crystalline silicon could be
neutralized by atomic hydrogen [17].
Defect passivation with hydrogen in SiC is one of the focuses of this work.
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2.1.1.1 Hydrogen passivation of defects and impurities in SiC
As in other semiconductors, SiC is exposed to hydrogen during various
fabrication steps. Hydrogen is one of few impurities in this material that exhibits
meaningful diffusion, which facilitates its intentional and unintentional incorporation,
and also makes it a logical candidate for developing defect-engineering techniques for
SiC. Extensive studies of hydrogen incorporation during epitaxial growth of SiC have
been conducted [19,20]. Hydrogen incorporation has also been investigated in ion
implantation and various other processing steps [21,22,24].
Diffusion of the incorporated hydrogen inside SiC is believed to follow a trap
limited mechanism. For example, researchers established that the incorporated hydrogen
may be trapped by shallow acceptors such as boron and aluminum in SiC, which limits its
diffusivity at least until a major portion of the traps is filled [20].
Simultaneously hydrogen trapping by acceptors causes passivation of their
electrical activity [23,24,25]. The passivation of the acceptors results in the reduction of
the net-free carrier concentration in the region where hydrogen is present (usually, the
near surface regions).
Later, trapping centers other than B or Al in SiC were reported. Choyke et al
reported discovery of a more stable hydrogen related complex in SiC by
photoluminescence measurements [26]. This complex was identified as a hydrogen
complex with a silicon vacancy (VSi-H) [26,27,23].
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Hydrogen passivation of acceptors can be achieved in SiC by annealing it in a
hydrogen ambient, ion implantation of hydrogen, plasma hydrogenation, or by diffusion.
Due to the presence of various trapping centers and the above mentioned trap-limited
diffusion, higher temperatures of above 500oC are required to achieve penetration of
hydrogen into the bulk. Studies have shown that the efficiency of passivation of dopants
in SiC by hydrogen may reach approximately 75% [28]. The concurrent formation and
dissociation of acceptor complexes with hydrogen has been identified as the cause for the
low efficiency of passivation [28]. Formation of other more stable complexes such as
silicon vacancy with hydrogen and resulting depletion of hydrogen by these complexes
have also been blamed for the low efficiency of passivation of acceptors [27,28]. As in
silicon, donor passivation in SiC has been found to be of much lower efficiency than
acceptor passivation [24,29].

2.1.2 Recombination enhanced defect reactions in semiconductors
Recombination Enhanced Defect Reactions (REDR) and recombination induced
defect migrations have been investigated in several semiconductors by different research
groups. The very first evidence of REDR was presented by D. V. Lang and L. C.
Kimberling in 1974 [30]. Since then, a few different mechanisms of REDR and migration
have been reported. A few examples include Local-excitation, Bourgoin-Corbett and
Local heating mechanisms [18,31].
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In the Local-excitation mechanism, a part of the recombination energy is absorbed
by the defect, which causes its transition into an excited state. This in turn lowers the
activation energy for the defect migration. The Local-heating mechanism, or the Energy
release mechanism, is where the recombination energy is converted to vibrational energy
causing local heating. In the Bourgoin-Corbett mechanism also called as the Athermal
migration mechanism, the alternate capture of electrons or holes causes the defect to go
from one charge state to another state having different equilibrium position in the crystal
lattice, which caused atom shift from one lattice site to another [18].
The migrations of defect have been observed even at temperatures as low as 4K,
which means that no thermal diffusion takes place. The Athermal migration mechanism
has been identified as a possible explanation for a variety of observations like enhanced
annealing of interstitial boron in Si [33], Athermal migration of Si interstitials in Si [18],
and many more.

2.1.2.1 Recombination enhanced defect reactions in SiC
In SiC, REDR was first reported by Dean and Choyke in 1977, when they
reported the observation of metastable optical quenching of photoluminescence line
associated with hydrogen in SiC. Further studies revealed metastable changes in
hydrogen complex with silicon vacancy (VSi–H). However, recently, it has been
established that hydrogen-related phenomena in SiC are much more diverse and can go
far beyond the metastable changes in VSi–H luminescence. Recombination induced
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formation of different (often stable) hydrogen-defect complexes have been reported by
MSU researchers [35,36]. Evidence of recombination-induced migration has also been
reported [37].

2.1.3 Passivation based conductivity modulation in semiconductors
While conductivity modulation by hydrogen passivation has been reported for SiC,
as described in Section 2.1.1, until now, there have been no reports on passivation-based
conductivity inversion in SiC. This is mainly due to the fact that the passivation
efficiency of acceptors and donors is not complete and only about 75%.
However, the mechanism of passivation of shallow impurities in semiconductors
by hydrogen and deuterium has been used to invert the original conductivity in other
semiconductors. For example, Zhou et al discovered that the conductivity-type inversion
occurred at the surface of a p-type epitaxial silicon wafer after exposure to a high dose
hydrogen ion beam [7]. The conductivity inversion was attributed to the passivation of
the electrical activity of defects in the bulk of the semiconductor. Likewise, Otte et al
observed incorporating hydrogen into Cu-chalcopyrite semiconductors like CuInSe2,
most commonly used as absorber layers for high efficiency polycrystalline thin film solar
cells, leads not only to the removal of surface oxides and contaminations but also results
in the surface conductivity type-conversion from initially p- to n-type CuInSe2 [8]. Here
again, the conductivity inversion was explained by the passivation of Copper Vacancy
(VCu) by hydrogen [8,9].
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Another example is the use of passivation-based conductivity inversion to obtain
n-type doped diamond for electronic applications [10,11]. N-type doping of diamond is
more difficult to achieve compared to p-type doping which can be easily obtained with
boron. High n-type conductivity in diamond was achieved by Chevallier et al by
deuteration. Passivation of boron acceptors and formation of deuterium-related complex
were found responsible for the conductivity inversion in the near surface layers [10].
Hydrogen has sufficiently high diffusivities in SiC, which makes it promising for
achieving passivation-based conductivity inversion if the limitations of the previously
existing hydrogenation methods are addressed. This defect passivation approach may be
employed to alter the conductivity, making it extremely attractive for device applications.

2.2 Introduction to Selective Epitaxial Growth
Another alternative method for selective doping of SiC proposed in this work is
the low temperature Selective Epitaxial Growth (LTSEG) of SiC. In the SEG technique,
growth of SiC of desirable conductivity/doping occurs only on exposed areas of a
substrate while regions of substrates where growth is not desired are masked by a
masking layer.
Selective Epitaxial Growth (SEG) is well known and used in Silicon technology
for fabrication of novel silicon devices and integrated-circuits - formation of epitaxial
emitter window in Si BJT’s [12], extrinsic base layer formation in BJT's [12], formation
of elevated source/drain in MOSFET's [13], formation of extended contact regions,
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formation of PN junction diodes, and edge termination structure formation (mesa guard
rings) and isolations [14].

Epi growth

mask

mask

mask

mask

Seed window
Substrate

Figure 2.1.

Substrate

Basic principle of Selective Epitaxial Growth (SEG) techniques that is
applied to SiC device fabrication technologies in this work.

Selective-epitaxial growth of SiC could provide better quality layers and avoid the
problems associated with ion implantation in SiC. Even though SEG is a promising
technique for SiC high-power devices and integrated circuits, selective growth of SiC has
not attracted significant attention since the growth temperature required for SiC (>
1,500oC) is much higher than the growth temperatures used for other semiconductor
materials, making it impossible to use conventional masks like silicon dioxide and silicon
nitride that are used for SEG of Si. Most of the conventional masking materials would
degrade or even completely disintegrate at such high temperatures.
Recent development of the low-temperature homoepitaxial growth technique at
Mississippi State University based on halo-carbon growth precursor enabled high-quality
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epitaxy at temperatures down to and below 1,300°C [15]. This process brought the
possibility of SEG of SiC down to the levels compatible with the conventional SiO2
masking material. This offered new opportunities for developing a new technique named
Low Temperature Selective Epitaxial Growth (LTSEG) of SiC as a means to selectively
dope and also form mesa patterns required by many high power devices. Development of
this technique is one of the topics of this dissertation.

2.2.1 Chemical Vapor Deposition (CVD) for epitaxial growth
Epitaxial layers used to provide the desirable values of conductivity in different
device regions, while reducing the concentration of crystallographic defects. Various
techniques, such as chemical vapor deposition (CVD) and molecular beam epitaxy
(MBE), may be used for epitaxial growth for semiconductor devices. Of these, CVD is
the most widely used for commercial applications, especially in SiC. In the CVD of SiC,
a silicon and a carbon precursor gases (carrier by the carrier gas) flow above a heated
susceptor where the sample is placed. As the gases are heated, they decompose and
diffuse on to the substrate to form epitaxial layers. Traditionally, silane has been used as
the silicon precursor and a hydrocarbon as the carbon precursor [4]. Hydrogen is used as
the carrier gas [4]. CVD reactors exist in various designs and configurations. Of these,
the hot-wall CVD reactor has become the most popular for growing high quality thick
epilayers [4].
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The susceptor design, optimization of the precursor and carrier gas flow
conditions and temperatures play a major role in the outcome of the quality and
uniformity of the grown epitaxial layers.
SiC epitaxial growth by CVD is typically done at temperatures of around 1,600oC
[4]. Higher growth rates are obtained by increasing temperatures since the silicon
dissociation is believed to be more efficient at higher temperatures [4]. High temperatures
are also known to facilitate step-flow growth.
Doping of the epilayers is achieved by introducing dopant gases, such as nitrogen
and TMA, in situ during the growth [4].

2.2.2 Overview of Selective Epitaxial Growth in semiconductor technologies
Selective Epitaxial Growth (SEG) of silicon has attracted considerable attention
because of its advantages for submicron device fabrication. SEG has proven to be very
attractive for Very Large Scale and Ultra Large Scale integration of such devices as
bipolar junction transistors (BJT), metal oxide semiconductor (MOS), and various
devices utilizing Silicon-On-Insulator (SOI) structures.
Study of SEG of silicon dates back as far as 1962, when the first successful
experiment with SEG of Si was reported by Joyce and Baldrey [42]. Since then,
significant breakthroughs have been reported, and the technique has been of great interest
for novel devices. It has also enabled the reduction of the number of photolithography
steps for device fabrication.
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SEG is achieved by opening a seed window on the substrate (e.g. Silicon) masked
by a masking layer (e.g. silicon dioxide) in the regions where the growth is not intended.
Epitaxial growth is conducted selectively in the seed windows on the exposed regions by
standard epitaxial growth techniques such as, Chemical Vapor Deposition (CVD). The
mask may later be stripped or etched based on the device application.
A few different modifications of SEG are known and used today. Some of them
are illustrated in figure. 2.2.

Figure 2.2.

Selective Epitaxial Growth techniques [38].

In the SEG technique, the growth is confined within the mask walls, and growth is
continued until it reaches the level of the mask or below it [39]. The grown layer may
also grow out of the seed window and over the mask to produce a single crystalline layer
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of silicon following the Lateral Epitaxial Overgrowth (LEO) mechanism [39] (Fig.2.2b).
The epitaxial growth extends outside upper bounds of seed window, and a vertical and
lateral extension of the growth occurs in LEO.
The Confined Lateral Selective Epitaxial Growth (CLSEG) is the most novel
modification of selective growth. In this mode, an empty cavity with dielectric walls is
formed and the cavity is filled with selectively grown Silicon [38] (Fig.2.2c). It has been
used to form thin films of single crystalline Silicon-On-Insulator (SOI) [38].
SEG offers many advantages. Some of them are:
•

Control of layer thickness in the selectively grown areas

•

Flexibility in the control of doping

•

Lower temperature as compared to ion implantation or diffusion

•

Can be used to form isolations and grow isolated structures

•

Sharp epi-substrate interface

•

No damage and related defects as in ion implantation or etching

All these advantages make it promising and an excellent candidate to replace selective
doping by ion implantation or pattern formation by mesa etching (fig. 2.3).
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Figure 2.3.

Mesa Pattern formation using etching vs SEG

Although advantageous, SEG also has a few challenges and issues which need to
be dealt with before it can be integrated into large scale device fabrication. Critical
parameters related to selective growth process include selectivity (i.e., undesirable
deposition on the mask), mask integrity, growth quality, and thickness uniformity. Local
loading effect is one of the main challenges in SEG [40]. Non-optimized growth
conditions, temperature, pressure, and the seed window dimensions can lead to nonuniformity across the grown SEG layer, known as local loading effect. Scanning Electron
Microscope (SEM) images of selectively grown Si layers showing loading effect are
shown in Fig. 2.4 [40].
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SEG

Figure 2.4.

mask

SEG

mask

(a) Schematic representation of the loading effect in SEG, and (b) SEM
cross-section of selectively grown regions showing thickness nonhomogeneity caused by the loading effect [40].

Another issue in SEG growth is the control of the growth rate. If the growth rate is not
controlled precisely, the grown layers may exceed the mask window and growth may
occur over the mask. It may be done intentionally (e.g., ELO growth), but it may need to
be controlled and avoided during regular SEG. The loading effect described above may
also complicate this task.
Facet formation is the result of different crystallographic planes having different
growth rates (e.g. as in fig. 2.5a.[41]). Various factors affect the formation of facets
during SEG, such as growth temperature, growth rate, growth time, crystallographic
orientation, and the conditions at the dielectric side walls. Facet formation must therefore
be avoided or minimized for uniformity in the growth.
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Figure 2.5.

a) Facets formed during SEG of Si with a SiO2 mask and b)Nucleation of
SiN during SEG of Si [41].

Finally, the growth must be highly selective, meaning that the growth should occur only
in the window or exposed areas of the substrate and not on the mask. Sometimes,
inappropriate gas flow rates, pressure, or substrate temperatures cause nucleation on the
mask (fig. 2.5b). It is essential to prevent nucleation on the mask. A few devices where
SEG has been extensively used are discussed in forthcoming sections.

2.2.3 Application of SEG in Silicon electronics

2.2.3.1 Formation of epitaxial emitter window in BJT
Formation of the epitaxial emitter is a critical step in the fabrication of bipolar
transistors. Studies have shown that the epitaxial emitter structure is preferred over the
implanted BJT structure in SiC, due to reduced lattice damage effects and its simplicity in
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fabrication. It has been shown that current gain of the implanted emitter BJTs is much
lower than epitaxial emitter BJT’s [43].
Use of regular blanket (non-selective) epitaxial growth requires definition of the
emitter pattern by etching, which in turn requires precise control of the etch depth and
causes significant limitations on the processing window. In addition, the sidewall defects
due to lattice damage caused by plasma etching may lead to increased surface
recombination velocity and transistor gain reduction. Instead, SEG can be used to form
the emitter, which offers better precision in the dimension control and lesser damagerelated defects. Using SEG, the emitter may also be self-aligned with respect to
previously formed regions of the device, which would be the best way to obtain the
precision that is required for the small spaces.
SEG has proven to be a good candidate for submicron emitter and base formation
in Si BJT’s. The process, called Selective Epitaxial Emitter Window (SEEW) is a version
of SEG that allows self-aligned epitaxial emitter formation [44]. Figure 2.6 shows an ntype polysilicon emitter selectively grown by the SEEW process.
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Oxide

Figure 2.6.

Polysilicon emitter of Si-based BJT selectively grown by the SEEW
process [12, 44].

2.2.3.2 Formation of epitaxial base region in BJT
Heavily doped extrinsic base contact regions in BJT’s have conventionally been
formed by ion implantation. A number of performance degradation mechanisms are
associated with the ion implantation process.
Accurate doping of the extrinsic base region using ion implantation is not as easy.
Moreover, the base implantation may cause damage that may not be completely
eliminated by implant anneal, especially in SiC. Implantation-related defects are known
to lead to increased recombination at the surface (i.e., intrinsic base periphery) of the
minority carriers injected in the base from the emitter [4]. Additionally, the implant
damage can result in the formation of stacking faults in the base of SiC devices, which
also results in inhibited device performance and instability of device characteristics [4,61].

30

Figure 2.7.

Cross section of a Selective Epitaxial Base Transistor [45,12]

The use of a selective growth process to form the extrinsic base is advantageous and
provides an opportunity to eliminate the problems related to ion implantation and plasma
etching processes in device fabrication (fig. 2.7).

2.2.3.3 Formation of MOSFET’s and Diodes
Another application of the SEG process is formation of the source and drain
regions in Si MOSFET’s [41] (fig. 9b). In MOSFETS, it has been observed that elevated
source/drain structures significantly reduce the short channel effects and parasitic
resistance. SEG has been identified as the most viable method of forming the elevated
source/drain MOSFETS.
Other notable applications of SEG include formation of diode structures [38] (fig.
9a) and forming device isolations [12].
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Figure 2.8.

a) Diode formation and b) formation of elevated source/ drain in Si
MOSFETS [38, 62]

In the SEG diode shown in fig. 2.8a, the p-type later and the contact layers are grown
selectively, which excludes the need for etching and leads to enhanced performance.

2.2.4 Overview of Selective Epitaxial Growth of SiC
As in the case with Si, SEG is a promising and attractive technique for SiC power
devices and applications. However, it is not as straightforward as with silicon. This is due
to the fact that regular epitaxial growth temperatures used for SiC (>1,500oC) are much
higher than that of Si (~900oC). Traditional materials for the mask would not survive at
such high temperatures in the H2 ambient, used for epitaxial growth. Hence, the use of
untraditional high temperature masking materials is required to achieve selective
growth/doping. Additionally, selectivity issues due to the higher temperature required for
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the growth are also a challenge for SEG of SiC. Nucleation of SiC on the mask has been
observed to be a problem [46,51].

2.2.4.1 High temperature masks used in SEG of SiC
High-temperature masking materials like graphite, carbon, and TaC have been
attempted by different researchers for SEG of SiC and reported for both homo-epitaxial
(4H-SiC on 4H-SiC) and hetero-epitaxial growth (3C-SiC on Si).
Selective growth is especially interesting and advantageous for hetero-epitaxial
growth of cubic SiC on Si substrates. Actually, the very first selective growth of SiC was
reported by Oshida et al [50] for 3C-SiC on Si. Selective 3C-SiC was grown on Si
substrates at 1,000oC and 25 Torr by CVD using a SiH2Cl2/C3H8/H2/HCl system. More
recently, Edgar et al. [51] employed SEG of 3C-SiC/Si with a silicon dioxide mask.
Selectively grown 3C-SiC layers were reportedly obtained at 1,000oC. A few different
observations were made. First, perfect surface morphology of selectively grown regions
was not obtained. The surface roughening was also accompanied by loss of selectivity if
the growth led to nucleation on the mask (see fig. 2.9).
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Figure 2.9.

Results from SEG of 3C-SiC on Si [51].

The oxide mask stability was also found to be an issue. The mask survived at 1,000oC,
but not for very long. Lower growth temperature caused less damage of the SiO2 mask.
However, the higher growth temperatures are desirable for improving the growth
morphology. A trade-off between the epilayer quality and SiO2 mask stability was
observed (fig. 2.10).

Figure 2.10.

SEG of 3C-SiC on Si at a) 950oC and b) 1,000oC for 80 mins [51].
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A few other groups have reported selective growth of 3C-SiC on Si. Jacob et al.
reported SEG of 3C-SiC/Si with an SiO2 mask using hexachlorodisilane, propane, H2,
and HCl gas system by CVD [52]. Eickhoff et al. reported selective growth of 3C-SiC
using a very thick sacrificial oxide layer by LPCVD [53]. Saddow et al. reported SEG of
3C-SiC on Si using aluminum nitride and silicon nitride masks with silane, propane, and
H2 gas system [54]. In all these cases, selectivity and mask stability were reported to be a
problem. Also, the use of gases such as HCl, which helped in the growth quality,
enhanced the undesirable etching of the mask.
Significant progress was also achieved for homoepitaxial selective growth of 4Hand 6H-SiC polytypes. The use of a carbon mask was attempted by Chen et al for
homoepitaxial growth of 4H-SiC on 4H-SiC substrates [46]. The growth was carried out
at 1,500oC.

Though successful selective growth was achieved, deformation in the

expected pattern of growth was observed due to anisotropy in the lateral growth rate (fig.
2.11a).

35

(a)

(b)

(c)
Figure 2.11.

(a) Growth profile (b) mask nucleation and (c) schematic illustration of
observations from SEG of SiC using Carbon mask [46].

In addition, polycrystalline 3C-SiC nucleation of the mask was observed (Fig. 2.11b).
Even the grown mesas had polytype inclusions at the edges of the mesas. Figure 2.112c
gives a schematical illustration of the defect generation mechanism [47].
The mask removal after selective homoepitaxial growth had to be done by thermal
oxidation, which is more complicated and requires high temperature processing as
compared to other conventional masks, such as an SiO2 mask, which can be removed by
simple wet etching.
Other masks attempted include a graphite mask for homoepitaxial growth of SiC
at 1,500-1,700oC [48]. One of the main problems observed with the use of a carbon or
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graphite mask is that the mask itself acts as a source of carbon for the epitaxial growth
due to the high growth temperatures. This may lead to local variation of the silicon to
carbon ratio, causing non-uniformity in the grown mesas and other loading effects.
Li et al reported selective growth of 4H-SiC on SiC substrates using a new TaC
high temperature mask [49]. Forming the TaC mask was done by evaporating Ta film
onto the SiC substrate and later converting into TaC by annealing at 1300oC in an
ambient of propane in hydrogen. Selective growth with good selectivity and good surface
morphology was reportedly obtained at growth temperatures of 1450-1550oC. The extent
of the unintentional lateral overgrowth was large (fig. 2.12).

Figure 2.12.

Cross sectional SEM of SEG of SiC using TaC mask [49].

In [49], higher growth temperatures or lower silane flow rates resulted in etching of the
exposed SiC surface instead of growth. Therefore the precise control of growth condition
was very crucial. Although removal of the mask could be achieved by a simpler wet etch,
forming the mask required an additional annealing step at high temperatures.
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2.2.4.2 SiC devices fabricated by SEG
To date, only a few device structures based on SEG of SiC have been fabricated,
tested and reported. This scarcity is due to the various complications related to SEG of
SiC discussed in the previous sections.
Li et al reported the formation of SiC P-N junction diodes, Merged PiN/Schottky
(MPS) diodes and Bipolar Junction Transistors (BJT) by employing the selective
epitaxial growth technique using a TaC mask [75,76]. They observed good junction diode
performance in the diodes fabricated by SEG, which were comparable to the ones formed
by mesa etching (Figure 2.13) [75].

Figure 2.13.

Forward and reverse characteristics of a selective grown P-N junction
diode compared to a mesa etched diode [75].
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SEG was also used to demonstrate SiC BJT’s with selectively grown p+ base
contact regions which are traditionally fabricated by using ion implantation in SiC BJT’s.
In their efforts, SEG was successfully used to fabricate 4H-SiC power BJT’s.

(a)

b)

c)
Figure 2.14.

Forward I-V characteristics for a a) implanted base and b) selectively
grown p+ base contact region of a SiC BJT. c) Comparison of B-E diode
IV’s between an implanted base and selectively grown base [76].
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They observed significant reduction in the base resistance (fig. 2.14) and also in the onstate resistance of the BJT. It was observed that the on-state resistance was reduced from
56 mΩ/cm2 (for an implanted base BJT) to 37 mΩ/cm2 (for a selectively grown BJT).
They also observed quasi-saturation in the output characteristics, indicating conductivity
modulation of the collector region [76].
These results summarize that SEG can be effectively used to replace mesa etching
and can be efficiently employed for selective doping required in conventional and novel
device structures.
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CHAPTER 3
EXPERIMENTAL APPROACH

3.1 Conductivity modulation by Recombination Induced Passivation
Aluminum- and boron-doped p-type 4H–SiC samples investigated in this work
were grown by low-pressure chemical vapor deposition (CVD) epitaxial growth process
in a hot wall reactor. A trimethylaluminum (TMA) doping was used to obtain
preferentially Al-doped epilayers. Boron doping was achieved using a solid boron–nitride
source.
The epilayers were subjected to hydrogen and deuterium plasma in an inductively
coupled plasma (ICP) etching system. PL measurements and optical excitation to
promote recombination-induced defect reactions were conducted using a 301 nm laser
line. Doping profiling was obtained by the Capacitance-Voltage techniques using a
mercury probe. Concentrations of impurities in the epilayers were characterized using
SIMS measurement.

3.1.1 Plasma Hydrogenation
The incorporation of hydrogen and deuterium into the epilayers can be achieved
by introducing the sample to hydrogen or deuterium plasma. Hydrogenation
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incorporation through plasma has also been reported in the literature by placing the
sample in an RF hydrogen plasma at a pressure of 10-6 Torr and at temperatures ranging
between 300oC and 700oC with an RF power of 0.05 to 2 W cm-2 [77].
The incorporation of hydrogen and deuterium into the epilayers was achieved by
subjecting them to hydrogen and deuterium plasma in an Inductively Coupled Plasma
(ICP) etching system. The hydrogenation was done at a source power of 750 W, an RF
power of 100 W, and a pressure of 50 mTorr. The hydrogenation was carried out in the
LAM 9400 ICP etching system (fig. 3.1). The samples were attached to a wafer holder of
the LAM 9400. A few different designs of the wafer holder and the method of attachment
of the sample to the wafer holder were attempted. The temperature of the sample was
significantly dependent on the type of the sample attachment to the holder. This in turn
influenced the outcome of the hydrogenation process. The temperature of the sample in
our experiments was estimated to be around few hundred degrees, but the exact
temperature could not be measured.

Figure 3.1.

LAM 9400 ICP etching system used for plasma hydrogenation of p-type
4H-SiC samples.
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In addition, annealing of the hydrogenated samples was also done to investigate
the recovery process. The dehydrogenation anneal was performed at about 1,100oC in a
nitrogen ambient. This has been known to cause out-diffusion of hydrogen and also
reactivation of the Al acceptors [78].

3.2 Low-Temperature Epitaxial Growth of SiC
For the blanket and selective epitaxial growth experiments, epitaxial growth was
conducted in a low-pressure hot-wall chemical vapor deposition reactor. For the selective
growth, patterns with different ratios of the area covered with the mask to the area of the
SiC seed windows were defined by standard photolithography. The mask formation
process and the CVD reactor system are discussed in detail in the forthcoming sections.

3.2.1 The CVD Reactor System
For the epitaxial growth experiments in this work, a hot-wall CVD reactor
operating at a pressure of 150 Torr (shown in fig. 3.2) was used. This CVD system
consisted of a pumping system comprised of a dry pump and a booster pump to pump
down the reactor and gas lines, a pressure controller, a CVD growth chamber made up of
a 720mm long quartz tube with a 100 mm diameter, a gas supply and control system, and
an induction heating system consisting of an RF coil wrapped around the center of the
quartz tube to heat the graphite susceptor. The susceptor used as the heating element was
coated with SiC to prevent out-diffusion of impurities from the susceptor at elevated
temperatures. All gas flows were controlled by mass flow controllers (MFCs).
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Figure 3.2.

The hot-wall CVD reactor used for the 4H-SiC epitaxial growth at
Mississippi State University.

Standard ultra-high purity silane (SiH4 (3% in H2)) was used as the silicon source,
chloromethane (CH3Cl) as the carbon source, and hydrogen (H2) as the carrier gas. The
hydrogen was purified by a hydrogen purifier, consisting of Palladium (Pd) membranes
before entering the reactor. The Palladium membrane consists of a metallic tube
comprising a palladium and silver alloy material processing the unique property of
allowing only monatomic hydrogen to pass through its crystal lattice when it is heated
above 300oC [79]. The hydrogen gas molecule dissociates into monatomic hydrogen and
passes through the membrane [79]. On the other surface of the Pd membrane, the
monatomic hydrogen is recombined into molecular hydrogen, which is used in the
epitaxial growth processes.
Doping of the epitaxial layers was achieved by using nitrogen (N2) and TMA for
the n-type and p-type, respectively. Doping of the epilayers was controlled by varying the
N2 and TMA flows.
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3.2.2 Mask formation for SEG
The mask for SEG was formed by the Plasma Enhanced CVD (PECVD)
deposition of a 1–1.5µm-thick SiO2 layer followed by inductively coupled plasma
etching or wet etching of the pattern defined by standard photolithography. The samples
were characterized by an optical microscope with Nomarski interference contrast, as well
as plain-view and cross-sectional Scanning Electron Microscopy (SEM). The thickness of
the blanket (non-selective) growth was measured by reflective Fourier Transform
Infrared Spectroscopy (FTIR). The thickness of the SEG epilayers was extracted from the
cross-sectional SEM.

3.3 Characterization techniques used to study SiC layers and devices
This section gives an introduction to the different characterization techniques that
were used to study the SiC layers and devices in this work.

3.3.1 Laser treatment and Photoluminescence (PL) measurements
The PL setup consisted of a Spectra Physics Beamlock 2085 Series Ion Ar+ laser,
used as the excitation source for the PL measurements and the optical excitation source to
induce the RIP effect. The PL intensity was measured using a SPEX 500M grating
spectrometer coupled with a Hamamatsu R928 multi-alkali photo multiplier tube (PMT).
The PL measurements were performed by mounting the samples on the cold finger of a
variable temperature liquid He closed cycle cryostat operating in the temperature range
between 15 K and 300 K. To compare the absolute value of PL intensity from different
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samples reliably, the closed cycle cryostat was mounted on a stage that allowed the
moving of the sample holder, containing a few small samples attached to it, in a plane
perpendicular to the axis of the PL light collection. This arrangement provides a
preservation of the optical adjustment when moving from one sample to another.

Figure 3.3.

Schematic diagram showing setup of PL spectroscopy.

3.3.2 Secondary Ion Mass Spectroscopy (SIMS)
The SIMS technique uses the principle of ion sputtering to detect elements on
sample surfaces or to create in-depth profiles from 20 to 2,000 nanometers below the
sample surface. Sputtering of ions happens when energetic particles are bombarded onto
a sample surface causing ejection of atomic species. This makes this method of analysis
destructive because the sample is actually eroded or etched on an atomic level. In the
SIMS technique, the surface of a sample is bombarded with a focused beam of primary
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ions. The impact of the bombarding ions ejects atoms from the surface of the material,
producing secondary ions. These secondary ions are detected by a spectrometer, which
uses electrostatic and magnetic fields to separate the ions according to their mass-tocharge ratio. Ions of different mass-to-charge ratios are measured by changing the
strength of the magnetic field [80].

Figure 3.4.

Illustration of the SIMS technique [80].

Typical sputtering ions for SIMS have an energy of 1 keV to 10 keV. The
sputtering occurs at an area in the order of 0.1mm2. The sputter yield is defined as the
ratio of the number of atoms sputtered to the number of impinging primary ions [80].
Typical SIMS sputter yields fall in a range from 5 to 15. SIMS allows the identification
elements and also gives an insight of how they are chemically bonded. However,
profiling deep levels using SIMS is not possible.
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In this work, the SIMS technique was used to obtain confirmation of long-range
migration of the free hydrogen (or Deuterium) in Al- and B- doped 4H-SiC epilayers
when subjected to optical excitation. Due to the insufficient detection limit for hydrogen
in the SIMS technique, and since deuterium produced qualitatively similar results when
used instead of hydrogen, deuterium was used instead of hydrogen to investigate the
migration of hydrogen in the epilayers due to optical excitation.

3.3.3 Capacitance-Voltage (C-V) technique
Experimental CV measurements were carried out using a 1MHz HP 4280A
capacitance meter, connected to the PC through the GPIB interface. A mercury probe was
used to form temporary contact on the samples to form the Schottky diode. The diameter
of the mercury contact used was about 457um. The contact is formed on the surface of
the sample by the contact of the mercury to the surface of the sample. Mercury probe has
been conventionally used since it does not damage the device and because there is no
high temperature treatment required to deposit contacts on the sample surface to form the
Metal –Semiconductor Schottky junction.

Figure 3.5.

Mercury probe used for experimental C-V measurements.
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A face-face configuration was used for all the measurements done in this work,
with the Schottky contact and the return Ohmic contact on the same face of the sample
surface, as shown in figure 3.5. The bias for C-V measurements is applied to the smaller
Schottky contact and the larger Ohmic contact is grounded. All the measurements were
taken at room temperature.
Planar schottky contacts were also fabricated to measure C-V and thermal
admittance spectroscopy (TAS). Al contacts with thin Ti adhesion layers were used for
the measurements. The metal was deposited using the e-beam evaporation techniques.

3.2.2 Nomarski Interference Contrast Microscope
Nomarski differential interference contrast microscope (NDIC) is a very common
technique used to examine the surface morphology of SiC epitaxial layers. Here, a
polarized light is used to improve the contrast of the surface image. In this technique the
incident light is polarized and separated into two different beams. These beams have a
phase difference of 90o with each other. The two rays are focused by a condenser and
pass through two adjacent points in the sample. These will experience two different
optical path lengths where the areas differ in refractive index or thickness.

The

Normarski microscope amplifies contrast by using the phase difference, which occurs
when light passes through material with different refraction values. This causes a phase
change in one ray relative to the other. When they recombine, interference between them
gives an amplitude contrast image.
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The samples for SEG were characterized by optical microscope with Nomarski
interference contrast before and after growth for surface studies.

3.2.3 Scanning Electron Microscope
A scanning electron microscope utilizes an electron beam to produce a magnified
image of the sample under study. The SEM is similar to the optical microscope with the
exception that the SEM uses electrons instead of photons and the image is formed in a
slightly different manner. The SEM is more advantageous than light microscopy due to
the fact that it can produce much larger magnification with higher resolution and depth of
focus.
A field emission SEM (FESEM) is slightly different from the traditional SEM
except that in the FESEM, the specimen itself is the source of electron. In a typical
FESEM, electrons are generated by field emission sources that are accelerated in a field
gradient. Typical energy of incident electron beams is in the range of 10-30 kV. The
electron beam passes through electromagnetic lenses that focus it onto the sample under
study. As result of this, different types of electrons are emitted from the sample. A
detector collects these secondary electrons, and an image of the sample surface is
constructed by comparing the intensity of these secondary electrons to the scanning
primary electron beam. This image is displayed on a cathode ray tube (CRT) monitor.
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Figure 3.6.

Schematics of a typical field emission scanning electron microscope [81].

In this work, the SEG patterns were analyzed before and after growth using a JEOL
FESEM. This scope had an accelerating voltage range of 0.5 to 30 kV and a
magnification range of 10X to 500,000X.

3.4 Device modeling approach
In this work, a commercial two dimensional device simulator MEDICI was used
to simulate device characteristics [64]. MEDICI has the ability to predict electrical
characteristics of the devices by the approach of modeling the two-dimensional
distribution of potentials and carrier concentrations in the device [64]. The program
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solves Poisson’s equation and both the electron and hole current continuity equations to
analyze devices such as diodes and bipolar transistors, as well as the effects in which the
current flow involves both carriers [64]. Medici effectively simulates the behavior of
submicron devices by solving the electron and hole energy balance equations with the
other device equations.
In Medici, the simulations are done by using a non-uniform triangular simulation
grid, which enables modeling of arbitrary device geometries possible. The simulation
grid can also be refined automatically during the solution process depending on the
complexity of the structure. In regions of the device where user-specified quantity, such
as potential or impurity concentration, varies by more than a specified tolerance over
existing mesh elements, addition of nodes and elements is possible to obtain accurate
results. This flexibility makes modeling of complicated devices and structures possible
[64]. Various physical models are incorporated into the program for accurate simulations,
including models for recombination, photo generation, impact ionization, band-gap
narrowing, band-to-band tunneling, mobility, and lifetime. Medici also incorporates both
Boltzmann and Fermi-Dirac statistics, including the incomplete ionization of impurities
[64]. These models are made available for the user to choose depending on the structure
and characteristics needed to be simulated. For the simulations performed for this work, a
model of SiC material characteristics was created and incorporated in the MATERIAL
parameter in MEDICI to account for the characteristics of 4H-SiC like mobility, bandgap
at 300K, etc. The required models, based on the physics of the device, were selected.
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CHAPTER IV
RESULTS AND DISCUSSION

4.1 Simulation of device characteristics
This section describes the results of our computer aided investigation of SiC
device design and optimization. Selection of the simulation topics was primarily dictated
by the need for more quantitative understanding of certain device-operation mechanisms
that could be influenced (i.e. improved) by adopting novel techniques for selective
doping explored in this dissertation.
A commercial two-dimensional (2D) device simulator, MEDICI, was used to
perform numerical simulations of SiC device characteristics in an attempt to understand
the physics behind the devices and to optimize their geometries to enhance performance
of the devices. The device simulations were also used to extensively study different nonideal material, geometrical and device related effects which affect device performance.
Device structures with implanted regions were simulated to identify factors that could be
improved enabling improvement of the device performance. In addition, the 2D device
simulations were used to explore the benefits of using SEG in places where conventional
selective doping techniques, such as ion implantation, are commonly used. Devices with
emulated selectively grown extrinsic regions were simulated to compare their
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characteristics to BJT’s with implanted base contact regions (current state-of-the-art) and
to investigate possible performance enhancements.
In this work, two different device structures, SiC BJT and JBS diodes, were
considered for simulation in order to investigate the effect of geometrical and other
constraints associated with conventional doping techniques. These devices are known to
suffer from performance inhibition caused by the particular forms of selective doping.

4.1.1 Two-dimensional simulation of SiC devices – BJT
4H-SiC BJT’s are very attractive for high voltage and high temperature switching
applications because of their low specific on-resistance and temperature independent
switching characteristics. The most significant figure-of-merit of a BJT is the current gain
(β), which is the ratio of the output current to the input current in the transistor. The gain
in SiC BJT’s is yet to reach its expected value due to fabrication problems involving ion
implantation and etching. Optimization of β is a complex task since β depends on several
parameters such as the thicknesses and doping levels of the base and emitter layers,
properties of the extrinsic base region, the material quality, and the surface passivation.
Design of the base region is very critical for enhanced performance of the BJT. Various
factors such as bulk recombination, surface recombination, and geometrical effects like
emitter-base spacing etc. may reduce the value of the current gain. This section aims at
studying the extent of the influence of such factors on SiC BJT through numerical
simulations.
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Initial simulations included 2D structure of a typical 4H-SiC BJT with a base layer
thickness of 1 um and base doping of 2x1017 cm-3 and collector drift region doping of
1x1015 cm-3. In the simulations, the effect of the lattice damage caused by the ion
implantation is included through locally reduced value of minority carrier lifetime and
enhanced surface recombination velocity in order to emulate a realistic device. Figure 4
shows the common-emitter characteristics of the simulated SiC BJT at room temperature.
Base, emitter, and collector doping used are indicated in figure 4.1a.

IC

Emitter, ND=3e19cm‐3
1e19cm‐3

Base, NA=2e17cm‐3
IB
‐3

Collector, ND=1e15cm

‐3

Substrate, ND=3e19cm

(a)

(b)

(c)
Figure 4.1.

(a)Structure of SiC BJT used for simulation (b) Gummel characteristics
and (c) gain of the simulated 4H-SiC BJT at room temperature for
Vc=10V.
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A collector-base current gain (β) of about 68 was obtained at a collector voltage of 10V.
The unimpressive value of the current gain can be attributed to various parameters and
parasitic effects that reduce the gain in SiC BJT.
One such effect influencing the simulated gain of Fig. 4.1 is high surface
recombination velocity caused by the implant damage at the surface of the device. In the
next step of investigation, the effect of surface recombination on the gain of the
implanted BJT’s was artificially magnified to investigate further and to emulate the effect
of the ion implant damage. Fig. 4.2 shows the reduction in the gain of the device with
increased surface recombination.

S.N=0
S.N=1e4
S.N=1e5

S.N=1e6

Figure 4.2.

Effect of surface recombination on the gain of the simulated SiC BJT.
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Implant related defects are known to lead to increased recombination at the
surface. Acting as recombination centers, they kill the current gain.
More detailed simulations indicated that BJT gain strongly depends on the
proximity of the implanted extrinsic base (and consequently the lattice damage) to the
emitter mesa. The variation of the gain versus distance between the emitter and the
extrinsic base implant region is shown in Fig. 4.3. In those simulations, the effect of the
lattice damage caused by the proximity of the extrinsic base is included as reduced
minority carrier lifetime in the implanted region, while the surface recombination
parameter was maintained the same.

Figure 4.3.

Variation of current gain depending on the proximity of the extrinsic-base
implant to the emitter mesa.
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It can be seen that gain increases with the distance between the implanted extrinsic base
and the emitter until it saturates beyond about 3um. Consequently, the current gain can be
increased in BJTs having implanted extrinsic base by providing larger spacing between
the emitter mesa and the extrinsic base.
However, the positive effect of increasing the spacing between the emitter and the
extrinsic base involves tradeoffs in other device characteristics, such as increase in the
base resistance and current crowding at the edges of the emitter. It is therefore extremely
desirable to keep the spacing between the emitter and the extrinsic base to the minimum
without having the deteriorating effects caused by the implantation related defects.
Significant improvements in BJT designs are expected from our novel method of
fabricating the extrinsic base by low-temperature SEG process. The method allows
minimal spacing of the base-emitter regions without introducing any lattice damage
unavoidable in the traditional extrinsic base region formed by ion implantation. This
should enable higher current gain in the proposed device.
To quantitatively evaluate the benefits of the improvement expected from using
the low-temperature SEG method for the extrinsic base fabrication, BJT structures with
implanted extrinsic base and selectively grown extrinsic base structures were simulated in
order to compare the current gain, as shown in figure.4.4.
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Emitter, ND=3e19cm‐3
1e19cm‐3

Emitter, ND=3e19cm‐3

1e19cm‐3

Base, ND=2e17cm‐3

Base, ND=2e17cm‐3
SEG base

Implanted base

Collector, ND=1e15cm‐3

Collector, ND=1e15cm‐3

Substrate, ND=3e19cm‐3

Substrate, ND=3e19cm‐3

Figure 4.4.

Implanted vs Selective base ohmic contact used for comparison.

The current gain simulated from the structures shown in fig. 4.4 is shown in fig. 4.5.
From the simulation results, it was observed that the device with selectively grown
extrinsic base had approximately 10 percent higher gain than the structure with the
implanted base region (Fig.4.5). This is due to the fact that the implanted extrinsic base
BJT suffers from the minority carrier lifetime degradation effects caused by the ion
implantation related damage.
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Figure 4.5.

Gain from simulated BJT with Implanted and SEG base.

Results from simulations show promise for using alternative techniques to form
the extrinsic base and especially ohmic contact region in BJT, which is usually formed by
ion implantation. Of the proposed techniques, the use of SEG is more promising for
power device applications.

4.1.2 Two-dimensional simulation of SiC devices – JBS
The second device structure used to study the advantages of non-conventional
selective doping approaches, such as SEG, is the SiC Junction Barrier Schottky (JBS)
diode. The JBS diode structure is a combination of a Schottky and pn junction diode,
which utilizes the advantages of both structures. The JBS is a device which has the
advantage of a low forward voltage drop while keeping a low leakage current at high
blocking voltage. The JBS diode typically has a p+n grid integrated into its drift region.
One of the most important aspects of designing the JBS diode is the spacing between the
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p+ regions. The spacing between the p+ regions should be designed such that pinch-off is
reached before the electric field at the schottky contact increases to the point where
excessive leakage currents occur due to tunneling currents. One of the main obstacles in
the performance of SiC JBS diodes is the ability to control the dimensions of the p+
region regions, which are typically formed by ion implantation. In this work, we have
also tried to investigate the optimal spacing between the p+ grid in JBS diodes to avoid
excessive leakage current in the device. It is necessary to keep the electric field in the
device as low as possible for a few reasons. First, the maximum electric field strength
inside the device should not be too high to avoid it from increasing beyond the critical
electric field, thereby running toward breakdown. Also, complicated edge termination
techniques can be avoided or minimized by minimizing the maximum electric field.
Second, the electric field strength under contact should be as low as possible to reduce
the effect of lowering of the Schottky barrier and consequently increasing the leakage
current.
In order to observe the effect of the p+ grid spacing, numerical device simulations
of a simple JBS structure were performed using MEDICI with appropriate SiC
parameters. A typical structure of the SiC JBS diode used for simulating the device
characteristics is shown in fig 4.6.
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Figure 4.6.

Typical structure of SiC JBS diode used for simulation.

The spacing between the p+ regions was varied to observe its effect on the electric
field distribution in the device. Fig. 4.7 shows the electric field under the Schottky
contact plotted versus depth of the p+ regions (which may be formed by the proposed
SEG technique), for three different spacing increments between the adjacent p+ regions
of 1,3 and 5µm.
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Figure 4.7.

Electric field under the Schottky contact of a simulated SiC JBS diode at a
reverse bias of 1,000V versus depth of the p+ implant, for three different
spacing between the adjacent p+ regions of 1,3 and 5µm.

Fig. 4.8 shows the electric field under the Schottky contact of the JBS diode at a reverse
bias of 1,000V. It can be observed from the plot that a spacing of 3µm is favorable for
achieving a more reduced electric field under the schottky contact. The maximum electric
field in the device was also plotted versus depth of the p+ implant, for three different
spacing increments between the adjacent p+ regions of 1,3 and 5µm.
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Figure 4.8.

Maximum electric field in a simulated SiC JBS diode at a reverse bias of
1,000V versus depth of the p+ implant, for three different spacing between
the adjacent p+ regions of 1,3 and 5µm.

From the plot, the maximum electric field is lower for the smaller spacing between the p+
regions for all depths of the p+ region.
The p+ grid spacing also affects the on-state voltage drop of the JBS diode. The
on-state forward voltage drop increases when the spacing between the p+ grids is reduced.
Hence, an optimal spacing providing a good compromise between these two effects –
forward voltage drop and leakage current must be chosen.
Providing minimal spacing between the p+ regions with conventional doping
techniques such as ion implantation may be a challenging task since during ion
implantation, lateral diffusion of the dopant takes place along with the vertical diffusion,
which makes it difficult to control the spacing between the p+ regions. Furthermore, even
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if the targeted doping profile is achieved, the lateral lattice damage caused by ion
implantation would significantly deteriorate the on-state resistance of the device. The
non-conventional techniques of doping proposed in this work could be promising also for
JBS devices by offering advantages of better geometrical control without deterioration of
the crystal lattice in the drift regions, which significantly benefit performance of existing
SiC JBS power devices.

4.2 Development of doping techniques for SiC
This section details the results on the efforts to develop non-conventional doping
techniques for SiC. The Recombination Induced Passivation (RIP) was the first technique
developed. It is based on defect reactions involving hydrogen in SiC. Development of the
low-temperature epitaxial growth and its application to SEG was conducted with
emphasis on addressing the main issues that were studied in the previous section with the
help of device simulations.

4.2.1 Investigation of the Recombination Induced Passivation mechanism
The phenomenon of RIP is the first of the novel approaches proposed in this work
to modulate the conductivity of SiC epilayers. The RIP process is based on recombination
enhanced migration of hydrogen in SiC and was first discovered by researchers at
Mississippi State University.
RIP involves recombination enhanced defect reactions that can cause strong
passivation of acceptors in SiC. A variety of other defect complexes may form as a result
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of recombination induced migration of hydrogen in the material, promoted by the energy
released during recombination of non-equilibrium electron-hole pairs that were created
by the optical excitation.
Aluminum- and boron-doped p-type 4H–SiC samples, used in this work, were
grown by low-pressure chemical vapor deposition (CVD) epitaxial growth process. In
situ trimethylaluminum (TMA) doping was used to obtain Al-doped epilayers. Boron
doping was achieved using a solid boron–nitride source. The doping of the epilayers was
in the range from 1x1016 cm-3 to above 1x1018 cm-3. The p-type doped epilayers were
subjected to plasma hydrogenation in an inductively coupled plasma (ICP) etching
system at a source power of 750-1,000 W and a pressure of 50 mTorr.
As a result of the plasma hydrogenation, hydrogen was incorporated into the
epilayers. The incorporated hydrogen was trapped by the acceptors and formed hydrogen
related complexes with acceptors and other defects, discussed in detailed in the following
section.

4.2.1.1 Investigation of Hydrogen-complex formation by Photoluminescence
Hydrogen passivation of the acceptors was evidenced by observing changes in the
net free carrier concentration measured with Capacitance-Voltage technique (C-V).
Hydrogen trapping by aluminum acceptors caused acceptor passivation and reduction in
the p-type conductivity (Fig. 4.9). The passivation resulted in the reduction of the
concentration to slightly below 1015 cm-3. This was evidenced by the change of the

66

depletion region width after hydrogenation and by the actual profile of the net free
concentration obtained by C-V measurements.

Figure 4.9.

Changes in the concentration of Al acceptors (non-passivated) after
plasma-hydrogenation.

Passivation of Al acceptors down to the depth of 2 μm (and to 1015 cm-3) was
achieved after just two hours of plasma hydrogenation. These results were qualitatively
similar to acceptor passivation after hydrogen ion implantation reported by other groups
[21,22,24]. The efficiency of the plasma-hydrogenation was observed to be strongly
dependent on the hydrogenation conditions. The actual temperature of the sample during
the hydrogenation process was also observed to be dependent on the design of the wafer
holder of the ICP system as well as on the type of the thermal contact between the sample
and the holder. Almost no acceptor passivation effect could be observed after plasma
hydrogenation at lower temperatures. At the same time, hydrogenation at a higher
temperature (e.g., when the sample was significantly heated by hydrogen plasma without
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efficient cooling from the sample holder) resulted in a much higher degree of acceptor
passivation (Fig. 4.9).
PL spectra obtained before and after hydrogenation revealed reduction in the
intensity of the aluminum bound exciton (Al-BE) emission line (Fig. 4.10). The relative
strength of this line [65] can be reliably used as a measure of the concentration of the
electrically active Al acceptors (that are not passivated). However, in all investigated
samples, the Al–BE emission did not completely disappear even after very prolonged
hydrogenation. This was an indication that a significant amount of Al acceptors remained
electrically active and contributed to the electrical conductivity.
Interesting observations were made when the hydrogenated samples were
subjected to above bandgap light excitation. The residual Al-BE lines, after plasma
hydrogenation, were gradually reduced and at times even completely disappeared after
prolonged excitation. This phenomenon, which was observed at low temperatures of
about 15K, was named Recombination Induced Passivation (RIP).
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Figure 4.10.

Changes in PL of Al-doped 4H-SiC epilayer after (a) low-temperature
plasma hydrogenation, (b) after 5 minutes of optical excitation and (c)
pronounced effect of recombination-induced formation of hydrogenrelated centers after 90 minutes of optical excitation.

The samples hydrogenated at higher temperatures also exhibited recombinationinduced formation of hydrogen complexes with other defects in SiC, such as with the
silicon vacancy (Vsi-H), during UV excitation at low temperature as described above.
However, in those samples the magnitude of the recombination-induced effect was much
smaller. This was because a significant amount of hydrogen-defect complexes had
already been formed during plasma-hydrogenation, leaving less residual non passivated
acceptors available to form additional complexes via the recombination-induced
mechanism.
Similar results were also observed in boron doped samples. In these samples, the
4B0 line, which is associated with B-H complexes in SiC, increased with optical
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excitation, revealing the formation of hydrogen related complexes with boron. It can also
be observed from figure. 4.11 that prolonged excitation leads to increased formation of
B-H complexes, which is revealed by the growth in the 4B0 luminescence line.

Figure 4.11.

Changes in PL of B-doped 4H-SiC epilayer after (a) low-temperature
plasma hydrogenation, (b) after 5 minutes of optical excitation and (c)
after 90 minutes of optical excitation at 15K.

4.2.1.2 Athermal Migration
Athermal migration of hydrogen was suggested to be responsible for the observed
defect reactions. During such migration, hydrogen is expected to encounter different
defects and impurities and form stable complexes.
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RIP effect

Trapped
hydrogen
after
hydrogenation

Figure 4.12.

Al-H

B-H
4B0

VSi-H

Schematic illustration of the proposed athermal migration mechanism
responsible for RIP process.

The knowledge about the dominating complexes formed after plasma hydrogenation is
limited. It was suggested that, besides the formation of detectable complexes such as AlH, B-H, complexes such as the silicon vacancy-hydrogen complex (Vsi-H) and other
unidentified complexes, a significant amount of hydrogen may be trapped in the
unknown state near the surface. It is suggested that this availability of this unknown
“reservoir” of hydrogen is a prerequisite for observing the RIP effect [55,56].
The excitation with the above bandgap light at low temperatures following plasma
hydrogenation causes the release of hydrogen from the trapping sites near the surface
[55]. The released hydrogen athermally migrates at the low temperatures used in this
experiment, thereby getting trapped by more stable sites (e.g., Al and B acceptors, silicon
vacancies, etc.) during the migration (fig.4.12).
Due to the insufficient detection limit for hydrogen by SIMS, deuterium was used
instead of hydrogen for the plasma hydrogenation to establish if the migration of
hydrogen is a long range or a short-range migration to the neighboring lattice sites. The
deuterium plasma ensures qualitatively similar results of hydrogen (deuterium)
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incorporation and complex-formation, evidenced by PL spectra obtained after
hydrogenation and deuteration. The results were presented in [60].
Fig. 4.13(a) shows the PL spectra obtained from a boron doped sample after
plasma hydrogenation and after subsequent optical excitation at 15 K. Even after a few
minutes of above-bandgap excitation, strong, non-metastable changes in the intensity of
all H-related PL lines were observed. A strong increase of the 4B0 luminescence and
silicon vacancy-hydrogen complex (VSi–H) PL (lines H1T, H1, H1S, etc.) under optical
excitation was observed. In the samples exposed to the deuterium plasma, a qualitatively
similar to the hydrogen plasma experiments’ trend of complex formation was observed.
Similar to H-plasma, a 4B0 line was formed due to the formation of a D-related defect
center (fig. 4.13(b)). Instead of VSi–H PL, the PL lines due to deuterium complex with
silicon vacancy (VSi–D) (D1T, D1, D2, D1S, etc.) [56] appeared in the PL spectra.

Figure 4.13.

Comparison of PL after similar processing replacing hydrogen with
deuterium plasma [60].
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Secondary Ion Mass Spectroscopy (SIMS) measurements obtained on the samples after
deuteration and excitation with above-bandgap light with different duration were used to
investigate the suspected long-range migration of deuterium (or hydrogen) in the epilayer.
The SIMS results showed that after plasma treatment, deuterium was incorporated at high
concentration only in the near-surface regions (fig. 4.14). However, after optical
excitation, there was significant penetration of hydrogen into the bulk of the epilayer, in
addition to its presence near the surface. More prolonged excitation resulted in much
deeper penetration of deuterium into the bulk of the epilayer.

Figure 4.14.

SIMS profiles of the deuterium concentration in B-doped SiC epitaxial
layer treated in deuterium plasma [60]. (a) deuterated sample before
optical excitation (b) the same sample after short excitation with abovebandgap light (weak RIP effect) and (c) the same sample after prolonged
excitation with above-bandgap light (strong RIP effect).
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This experiment revealed strong recombination-induced athermal migration of deuterium
from the deuterium-rich surface region into the bulk of the epilayer with excitation
(fig.4.14).

4.2.1.3 Conductivity modulation and electrical characteristics
One of the most interesting and potentially useful outcomes of the RIP
experiments was the fact that optical excitation resulted in an additional strong
passivation of near surface layers (fig. 4.9). The depth profile of the net free-acceptor
concentration in SiC samples before and after plasma-hydrogenation (or deuteration) and
after optical excitation at 15 K (i.e., the RIP process) showed modulation in the
conductivity of the epilayer, which became stronger with the excitation intensity (Fig.
4.15).

(a)
Figure 4.15.

(b)
CV profiles of the electrically active acceptors in Al-doped epilayer after
(a) plasma hydrogenation [37] and (b) plasma deuteration [60]. In (a) the
different profiles correspond to (1) before optical excitation and after
optical excitation with above band gap light of increasingly higher
intensity from (2) to (5). In (b) the three profiles show the changes in the
conductivity with excitation time.
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In many cases, prolonged excitation regularly resulted in the complete inversion of the
conductivity type in the illuminated region of a p-type SiC that had been previously
subjected to plasma hydrogenation (Fig.4.16).

Figure 4.16.

Inversion of the conductivity type in hydrogenated p-type epilayer caused
by prolonged optical excitation with above bandgap light.

This technique may be very useful in modulating or even inverting the conductivity of
selected regions in the material by simple light excitation, where other fabrication
methods may be complicated or impossible.
From the point of view of a scientific knowledge about H-related defects in SiC,
the ability to modulate the conductivity of this kind offered an opportunity to investigate
H-related energy levels in the top portion of the SiC bandgap, which is easy to do in ntype samples. However, there have been no reports on hydrogen defects in n-type SiC,
primarily because it was believed impossible to incorporate hydrogen in n-type SiC. The
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charge state of hydrogen, which is influenced by the position of the Fermi level, is
considered unfavorable for diffusion or complex formation in n-type material. Therefore,
while n-type materials are favorable for investigating energy levels in the top portion of
the SiC bandgap using the conventional capacitance/conductance based techniques, most
traditional n-type materials would not have any H-related levels to investigate.
The situation is different in the conductivity-inverted samples. Being initially ptype, those samples have an abundance of different H-related defect complexes.
However, in all previous research efforts, the investigators had to deal with the fact that it
was p-type material (i.e., the Fermi level is close to the valence band), and the
investigation of defects in the top portion of the bandgap required complicated and
difficult to interpret characterization tools. By inverting the conductivity using the RIP
treatment, something that has not been available before is obtained – an n-type SiC (i.e.,
the Fermi level position is convenient for investigating previously inaccessible energy
levels) with a sufficient amount and variety of hydrogen-related complexes available for
investigation.
Thermal admittance spectroscopy was used to investigate the defect levels in the
initially p-type SiC layer, which was converted to n-type by RIP. A few different levels
located close to the conduction band of the originally p-type material were detected. TAS
spectra from a hydrogenated Al-doped epilayer measured before and after optical
excitation (i.e., the RIP process) are shown in figures 4.17 and 4.18.
The spectrum of the as-hydrogenated sample (material that still remained p-type)
is dominated by the well-known Al acceptor level. The level al1 has not been previously
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reported in 4H-SiC. It could not be completely eliminated that this level was not caused
due to some kind of artifact of the TAS measurement, for example, due to proximity of
the n-type substrate.
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Figure 4.17.
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TAS spectra obtained from
hydrogenated Al-doped ptype 4H-SiC epilayer.

Figure 4.18. TAS measured in the
hydrogenated
Al-doped
sample (shown in Fig. 4.17)
after conductivity inversion
by RIP.

A few levels were observed in this epilayer after the RIP process was applied to
convert the conductivity of the plasma-hydrogenated samples to n-type. The parameters
of the levels extracted from the spectra are summarized in Tables 4.1 and 4.2.
Table 4.1
TAS results for plasma hydrogenated p-type Al-doped epilayers prior to optical
excitation (RIP)
Level

EA (σ0 ~ const/T-2), eV

Al
al1

0.20 / 0.22
0.16-0.18 / 0.19-0.21

Capture cross-section (σ0 ~ const/T-2),
cm2
(1-10)⋅10-13 / (4-12)⋅10-8
(7-14)⋅10-17 / (3-12)⋅10-12
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Table 4.2
TAS from the same sample in Table 4.1 after conductivity inversion by RIP.
Level

EA (σ0 ~ const/T-2), eV

n1
n2
Al

0.04 / 0.05
0.134 / 0.15
0.21 / 0.23

Capture cross-section (σ0 ~ const/T-2),
cm2
~3 ⋅ 10-16 / ~1 ⋅ 10-12
~3 ⋅ 10-14 / ~2 ⋅ 10-10
~4 ⋅ 10-13 / ~1 ⋅ 10-8

n3

~0.56 / 0.60

~3 ⋅ 10-13 / ~3 ⋅ 10-8

The level marked as Al was identified as the aluminum acceptor also seen in the spectrum
of the as-hydrogenated sample. The presence of this level in TAS spectra measured from
n-type material indicates that the deeper region of the epilayer that was not converted to
n-type by RIP may also contribute to the admittance signal.
The activation energies and capture cross-sections of the n1 and n2 levels did not
allow concluding if they are associated with nitrogen donors at hexagonal and cubic
lattice sites, respectively. The extraction of the parameters of these levels was
complicated by the effect of the series resistance in the relatively thin n-type layer. Also,
the n2 level could be observed only at some but not all locations, and its intensity also
seemed to change with reverse bias and time. It is possible that the level n2 might have
something to do with the presence of hydrogen in the material.
The spectrum of the as-hydrogenated B-doped epilayer prior to RIP contained three
peaks (Fig. 4.18(a)). Since the doping ([B]=2-4x1017 cm-3) was high, the shallowest level
h was attributed to hopping conduction, often seen in relatively highly doped samples
[66]. The second level (B) was due to boron acceptor [65,67]. The peak marked a b1
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followed similar tendencies as that of the al1 level in fig. 4.17. The admittance spectra
from the same sample after RIP-induced conductivity inversion were also analyzed at
different reverse biases to probe deeper into the layers. Two different locations with
apparently different thickness of the RIP-induced n-type layer are shown in figure 4.19(b)
and (c). At zero bias, the location with stronger RIP effect did not show any contributions
from the deeper p-type region (Fig. 4.19(c)). The thickness of the inverted layer at this
location was estimated to be around 1.5 µm. However, at higher reverse bias, the
intensity of the n1 an n2 peaks in this spectrum was reduced. These peaks were probably
associated with the n-type region induced by the RIP. The peak B that appears at the
reverse bias was identified as the boron acceptor. This peak was a result of the signal
from the non-inverted part of the epilayer.
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Figure 4.19.

a) TAS spectra for hydrogenated B-doped p-type 4H-SiC epilayer. The
measurement frequency changes from 800 Hz to 1 MHz. (b) and (c) TAS
of the B-doped sample after its conductivity inversion by RIP.
Measurements were carried out at different reverse biases as indicated in
the figures. (b) shows the spectrum from a location with stronger effect of
RIP and (c) from a location with weaker effect of RIP.

The extracted activation energy was smaller than that of boron, but the b1 peak is
observed at a higher temperature (smaller capture cross-section) (table 4.3).
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Table 4.3
TAS results for plasma hydrogenated p-type B-doped epilayers before optical
excitation (RIP).
Level

EA (σ0 ~ const/T-2), eV

h

0.008-0.02 / 0.02-0.35

Capture cross-section (σ0 ~ const/T-2),
cm2
~1 ⋅ 10-20 / ~1 ⋅ 10-18

B

0.27 / 0.31

(3-10) ⋅ 10-13 / (0.8-3) ⋅ 10-8

b1

0.23-0.25 / 0.27-0.29

(2-6) ⋅ 10-17 / (1-4) ⋅ 10-12

Table 4.4
TAS from the same sample as in Table 4.3 after conductivity inversion by RIP.
Level

EA (σ0 ~ const/T-2), eV

n1*
n2*
B**
n3**

~0.11 / 0.13
0.11-0.14 / 0.14-0.16
0.28/ 0.31
~0.2 / ~0.24

Capture cross-section (σ0 ~ const/T-2),
cm2
~1 ⋅ 10-12 / ~5 ⋅ 10-9
~2 ⋅ 10-16 / ~3 ⋅ 10-12
(1-3) ⋅ 10-12 / (3-10) ⋅ 10-8
~3 ⋅ 10-17 / ~1 ⋅ 10-12

The admittance spectrum measured in the region with apparently lower thickness
contains contributions from the n-type (RIP-induced) and p-type (non-inverted) regions
of the epilayer even at zero bias. The contribution from the p-type region increased at
higher reverse bias apparently due to extension of the depletion region closer to the ptype region.
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In summary, TAS measurements on the sample with conductivity inverted by RIP
enabled detection of a few levels in the top portion of the bandgap. This approach offers a
new possibility to study shallow levels close to the conduction band of p-type SiC, which
otherwise would be difficult to observe with traditional approaches. A few different
levels have been detected in TAS spectra of hydrogenated Al- and B-doped epilayer
measured before and after optical excitation.

The spectrum of the as-hydrogenated

sample (material remained p-type) is dominated by the well-known Al and B acceptor
levels in the Al and B-doped epilayers, respectively. A few additional levels were
detected in the top portion of the bandgap in epilayers in which the RIP process
converted the conductivity to n-type. The parameters of these levels (i.e., n1 and n2) do
not allow ruling out a possibility that they are related to nitrogen donor levels. However,
their behavior suggests that they are related to the n-type epilayers. It still remains
unknown if these levels are related to the presence of hydrogen in the material.

4.2.1.4 Possibilities for micro-fabrication using RIP
Conductivity inversion via defect reactions in SiC is reported in this work for the
first time. This approach is proposed for selective doping of certain areas of the material.
Control of the RIP process may be used for control of the conductivity in the conductivity
inverted regions.
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n
(a)

Figure 4.20.

(b)

p

The proposed selective doping techniques based on the Recombination
Induced Passivation mechanism. a) Mask modulated conductivity
modulation technique and b) direct write approach, where a laser beam
can be used to scan over the region to alter its conductivity via the RIP
mechanism.

The proposed RIP method may be used for developing doping techniques for SiC based
on the direct-write approach (Fig.20b). It can also be used for mask modulated
conductivity control (Fig. 20a). Optical excitation of selected region of the material can
be used to alter its conductivity, while the masked regions retain its original conductivity.
The required masked pattern may be formed using standard photolithography. This
approach makes it more attractive since it does not involve high temperature processing
or etching, which lead to damage related defects.
The direct-write method was used in this work to form p-n junctions with the ntype region of the p-n junction. This was done by inverting the electrical conductivity of a
hydrogenated p-type SiC epitaxial layer by the RIP process. Metal contacts were formed
to both the p- and n-type regions. A few complications were observed that prevented us
from obtaining ideal p-n junction diode characteristics from that structure. The main
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problem was that the current-voltage characteristic was dominated by the Schottky
contacts that were unintentionally formed to the p- and n- regions instead of the desirable
Ohmic contacts. The domination of the Schottky contact prevented us from observing the
p-n junction diode behavior.
The formation of sufficiently good ohmic contacts would require high
temperature processing, which may reverse the effect of RIP-induced conductivity
inversion by causing dissociation of hydrogen-acceptor complexes. Therefore, additional
efforts would be required to develop a metal contact formation process without
compromising the quality of the RIP-inverted region to enable good quality SiC devices
using the RIP process.
However, with a few additional developments, RIP-based fabrication techniques
may offer capabilities that have not been explored in the past and could create a
breakthrough in the development of microelectronic devices. Specialized fabrication
processes using simple light excitation may be used, where other fabrication methods
may be complicated or impossible.

4.2.2 Selective Epitaxial Growth by Low-Temperature Halo-Carbon Homo-epitaxial
Method
As discussed in the literary review section of this proposal, the use of hightemperature masks has been required for selective epitaxial growth (SEG) of SiC prior to
this work. High temperature masks have various disadvantages. First, forming the mask
may not be as simple as forming a conventional mask such as SiO2, which may be formed
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by PECVD. Second, removal of the high-temperature mask may be complicated and
require additional high temperature steps such as oxidation or anneal. The stability of a
new high temperature mask and its reaction with the precursor or carrier gases may be an
issue. Unintentional products may form on the mask surface due to the reaction between
the masks and the growth precursor gases, making it less favorable compared to
conventional low-temperature masks used for the SEG of Si.
Recently, Mississippi State University reported a breakthrough in SiC epitaxial
growth at unusually low temperatures down to and below 1,300oC using halo-carbon
precursors. This process offered a possibility of producing device-quality SEG of 4H-SiC
using low-temperature conventional masking materials such as those used in SEG of
silicon.
In this work, SEG of 4H-SiC at temperatures around 1,300oC using a simple SiO2
mask was developed. Initial experiments were conducted with SiO2 masks of thickness
~1µm formed by PECVD deposition. The masked pattern (i.e., windows in the mask
exposing the surface of the SiC substrate), defined by standard photolithography, was
formed by inductively-coupled plasma etching. Epitaxial growth was conducted at
1,300oC in a low-pressure hot-wall CVD reactor at 150 to 400 Torr with H2 as the carrier
gas, SiH4 (3% in H2) as the silicon source, and CH3Cl as the carbon source.
The surface of the sample after SEG was analyzed by SEM. The first positive
outcome of the experiment was virtually absent nucleation on the surface of the SiO2
mask (Fig. 4.21b). Selective growth with good selectivity and no apparent mask
degradation was obtained. It should be emphasized that this experiment is the first ever
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successful demonstration of SEG of 4H-SiC using a conventional low-temperature mask
such as SiO2 mask [60].
A negative outcome of the experiment was the defective surface of the mesas
obtained (Fig.4.21).

Figure 4.21.

(a) 1µm-thick SiO2 mask before SEG, (b) a mesa formed by SEG before
SiO2 mask removal and (c) the mesa after removal of the SiO2 mask.

The triangular defects were observed at high concentration at the periphery of the
mesas. These defects resembled the triangular defect observed in regular non-selective
growth conducted at higher growth rates and higher Si/C ratio. In this experiment, SEG
was conducted at the same conditions that consistently provided an epilayer growth rate
(Rg) of about 2 µm/h during the blanket growth (with good surface morphology). The
observation of the triangular defects in the initial SEG experiments could be explained
from the observation that the growth rate of SEG was more than four times higher than
that obtained in blanket growth at the same condition. The growth rate of the SEG was
determined from the height of the mesas.
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(b)

a)
Figure 4.22.

Orientation dependence of defect edges and b) Cross sectional SEM
showing the defect edges and facet formation [60].

The generation of defects was observed along mesa edges at the SiC/SiO2 interface. The
presence of the defects was dependent on the crystallographic direction (fig. 4.22a).
Cross-sectional SEM was used to study the defect structures. Cross-sectional
SEM confirmed that the triangular defects observed at the mesa edges originated close to
the SiO2 mask sidewalls. After origination, they grew oriented along the direction
corresponding to the off-cut direction of the SiC substrate (fig. 4.22b). The defects were
also observed to propagate from the epi/substrate interface at or near the mask wall
toward the surface of the mesa along the basal plane of the SiC lattice.
The cross-sectional SEM image also revealed facet generation at the mesa edges.
The facet angles are different depending on the orientation of the mesa wall, with respect
to the crystallographic orientation in the substrate.
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In further experiments, the growth rate of SEG was reduced in order to reduce the
defect generation. The growth rate was reduced by reducing the flow rates of SiH4 and
CH3Cl growth precursors.

Figure 4.23.

Optimized low-temperature selective epitaxial growth of 4H-SiC at
1,300oC using SiO2 mask (a) before and (b) after removal of the SiO2
mask [60].

SEG at this optimized growth conditions (lower growth rate) at the same temperature of
1,300oC resulted in almost completely eliminated surface defects on the mesas (Fig.4.23).
Even this reduced growth rate was in excess of 2 to 3 µm/hr, which was still more than
three times larger than the growth rate of the blanket epitaxy conducted at the same
conditions. This growth rate enhancement was attributed to “local loading effect” that is
commonly observed in selective epitaxy. The magnitude of the local loading effect was
evaluated by using a few samples with different ratios of areas covered and not covered
with the mask (Fig.4.24).
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Figure 4.24.

Growth rate comparison for selective grown samples having different
fractions of the substrate area covered with the SiO2 mask [60].

The average growth rate was found to be linearly proportional to the fraction of the
masked area. This revealed that that the precursor species that cannot react at the surface
of the SiO2 mask move to the seed windows, where they get deposited, leading to the
increase in the growth rate.
More detailed investigation by cross-sectional SEM revealed that moderate mask
degradation does take place at some regions of the mask. The region that is the most
susceptible to degradation is the lower part of the vertical sidewalls of the mask
(fig.4.22b). The main source of this degradation was due to a combination of high
temperature from the contact with the heated substrate and exposure to the hydrogen
ambient.
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4.2.2.1 Doping control in low-temperature epitaxial growth
As a step toward using the low temperature growth process to produce high
quality epilayers for device fabrication and SEG, in-situ doping during the growth
process was investigated.
In the experiments, nitrogen was used to achieve n-type and trimethylaluminum
(TMA) was used to achieve p-type in-situ doping. In all of our growth experiments, a
typical value of the Si/C ratio of 6.0 was used. This value, which is rather high compared
to the traditional high-temperature growth techniques, is required to achieve the best
epilayer morphology in the low-temperature halo-carbon process [68]. The value of the
effective (real) Si/C ratio above the growth surface is significantly different, in part due
to the different kinetics of silicon and carbon precursors’ decomposition at such low
temperatures.
Qualitative changes in the resistivity of the epilayers were monitored using I-V
characteristics measured with two tungsten probe needles in contact with bare SiC
surface. SIMS was conducted to evaluate dopant concentration wherever possible.
To produce heavily p-type doped SiC layers on n+ substrates, TMA doping in-situ
during the blanket low-temperature epitaxial growth was utilized. Standard ultra-high
purity CH3Cl and SiH4 precursors were used as the carbon and the silicon sources. The
TMA bubbler (electronic grade) was maintained at a temperature of 18oC and an output
pressure of 760 Torr. The residual Al concentration without using TMA, which normally
depends on the conditions of the susceptor and the thermal insulation foam, was below
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1014 cm-3 in the experiments. The TMA flow rate was altered to produce Al- doped SiC
layers with increasingly higher Al doping.
SIMS measurements revealed Al atomic concentrations exceeding 2.7x1020 cm-3
in the epilayers without apparent morphology degradation (Fig. 4.25).

Figure 4.25.

SIMS profile of aluminum concentration in the epitaxial layer as a
function of TMA flow and doping [73].

Current-Voltage characteristics of low-temperature p+ epitaxial layers grown with
different TLM flow-rates were used to monitor the changes in the electrical conductivity.
The measured I-Vs, measured using two tungsten needles on bare SiC surface, showed
that the conductivity increased with increasing the TMA flow (fig 4.26)
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Figure 4.26.

Current-Voltage characteristics of low temperature p+ epitaxial layers
grown with different TLM flow-rates. The corresponding doping is
indicated. [73].

The growth rate of the epilayers was about 1.5 µm/hr. The morphology of the
epilayers was monitored under the optical microscope for all TMA flows shown in Fig.
4.26. Good epilayer morphology, with no apparent degradation, was obtained. The
morphology remained virtually as good as that in TMA-free growth. However, at higher
TMA flows, noticeable roughening of the epilayer surface was observed. Figure 4.27
shows the optical microscope images obtained from an epilayer with a high TMA flow of
0.29sccm (corresponding to a doping of 2.7x1020 cm-3) without surface morphology
degradation and for an even higher TMA flow of 0.37sccm (corresponding to a doping of
3.8x1020 cm-3), which is when the surface roughness took place.
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Figure 4.27.

Optical microscopic image of the epilayer surface for (a) at high TMA
flow of 0.29sccm showing no morphology degradation and (b) degraded
surface of heavily doped epilayer at even higher TMA flow of 0.37sccm
[73].

Similar experiments were used to produce good quality heavily n-type doped
epilayers. In our experiments, it was observed that the efficiency of nitrogen
incorporation is higher in C-face 4H-SiC samples than in Si-face 4H-SiC samples.
However, the doping process for heavily doped n-type epilayers on the Si-face was also
developed to be used with SEG, which is discussed in the following section.

4.2.2.2 Ohmic contact formation using low-temperature epitaxial growth
Good ohmic contacts are essential to reduce losses due to voltage drop across the
contact. In the previous section, a possibility of achieving high values of doping required
for good ohmic contact by low-temperature growth was demonstrated. In this section, an
attempt to demonstrate highly ohmic contact on heavily doped low-temperature epitaxial
layers is investigated.
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For this purpose, Ni contacts with a 20 Å-thick adhesion layer of Ti were formed
on the surfaces of Nitrogen and Al-doped epilayers. Transfer Length Method (TLM)
measurements were conducted in order to establish the specific contact resistance of the
ohmic contact and the sheet resistivity of the epitaxial layers. A typical TLM structure
used to characterize the epilayers is shown in Fig. 4.28. The results were reported in ref
[73].

Figure 4.28.

Typical structures used for TLM measurements on p and n-type epilayers
grown by low temperature epitaxial growth at 1300oC.

In the p-type sample, with an Al atomic concentration of 2.7x1020 cm-3 as
measured by SIMS, the as-deposited metal contacts (without contact annealing) were
found to be nearly ohmic. This is different from the typical case of metal contacts to SiC
that are usually Schottky, due to insufficiently high doping of SiC. The value of the
contact resistivity in the non-annealed contacts was about 2x10-2 Ohm-cm2.
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In addition, a standard rapid thermal annealing (RTP) process was applied to
further lower values of specific contact resistances. The current voltage characteristics
were then compared before and after contact annealing at 750oC (Fig. 4.29), with the
same spacing of the Ni TLM contacts.

Figure 4.29.

I-V characteristics of Ni TLM contacts: as-deposited and after RTA
annealing at 7500C, for two different distances between the contacts (3.5
µm and 10µm) [73].

Contact annealing is known to lead to the formation of nickel silicide, which is an
alloy formed by the reaction between Ni and SiC. It has been previously observed that the
structural and chemical properties of the interface are much improved by forming nickel
silicides rather than using nickel contacts [69]. Nickel silicides are therefore expected to
provide contacts with lower specific contact resistance. The results of the X-ray
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diffraction (XRD) measurements of the samples, with Ni/Ti/4H-SiC contact prior to and
after contact anneal to form nickel silicide metal contacts are shown in Fig. 4.30.

Figure 4.30.

XRD spectra from the Ni/Ti/4H-SiC contact, as deposited and annealed at
750oC [73].

While only Ni-related XRD signal was present in the as-deposited contact, the
Ni2Si phase appeared and dominated after the contacts were annealed [70]. This is an
indication that the nickel is converted to the nickel silicide alloy after contact annealing.
Specific contact resistivity in the range of 6x10-5 ohm-cm2 for the best case was
achieved for the investigated group of p-type samples. In addition, the measured sheet
resistance in the heavily-doped p-type epitaxial layers before the contact annealing was
used to estimate the resistivity of the epitaxial layers. A resistivity, in the order of about
0.01 Ohm-cm in the samples with total Al concentration close to 2.7x1020 cm-3 was
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obtained. The net free hole concentration in the heavily-doped p+ epitaxial layers
(influenced by the carrier freeze-out) was evaluated to be in the range from 5.5x1018 to
1x1019 cm-3 (for the range of hole mobility from 65 to 115 cm2/V-s reported in literature) .
It is expected that the mobility in these samples should be on the lower side due to strain
and dislocation generation caused by the high level of Al doping.
From table 4.5, an increase of the sheet resistance was observed after the contact
annealing. This is yet to be explained. However, it could be caused by the degradation of
materials properties or/and TLM measurement error caused, for example, by changes in
the active epilayer thickness under the contacts caused by Ni silicide formation.
The results from the TLM measurements on the p-type samples before and after
annealing are summarized in table 4.5.

Table 4.5
Summary of Ni TLM measurements results on deposited p-type 4HSiC epilayers and after annealing [73].

Asdeposited
After
contact
anneal

TLM RSH

TMA flow
(sccm)

Thickness
(nm)

(ohms/sq)

TLM RC
(ohms-cm2)

0.29

250

392.33

2.01 x 10-2

0.35

290

474.5

2.63 x 10-2

0.29

250

632.69

6.04 x 10-5

0.35

290

681.15

7.81 x 10-5
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Similar attempts to form good ohmic contacts on heavily doped n-type epilayers
were also successful. In the experiments with forming ohmic contacts on highly nitrogendoped epilayers, a p-type layer with epilayer doping of the order of 1x1017 cm-3 was used
as a buffer layer in order to electrically insulate the grown epilayer from the highly doped
substrate having the same conductivity. Table 4.6 gives a summary of TLM
measurements on n-type epilayers grown by the low temperature growth.

Table 4.6
Summary of Ni TLM measurements results on deposited n-type 4H-SiC
epilayers and after annealing
N2 flow (sccm)

Thickness
(nm)

TLM RSH
(ohms/sq)

TLM RC
(ohms-cm2)

As-deposited

40

250

16.44

7.05 x 10-4

After anneal

40

250

13.22

1.2 x 10-4

A low value of the contact resistivity of 1.2 x 10-4 ohms/cm2 was obtained in the n+
epilayers. The sheet resistance was about 14 ohms/sq.

4.2.2.3 SEG of n-type epilayers
With the knowledge obtained during developing doping control in the low
temperature epitaxial growth process, highly conductive n-type (nitrogen-doped) device
quality LTSEG mesas using SiO2 mask were produced. The Si-face of commercial SiC
substrate was used, since this face is typically used for most SiC devices.
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(a)

(b)

LTSEG SiC mesa

SiO2 mask

Figure 4.31.

a) Optical micrograph on the heavily n-type doped LTSEG mesas grown
with SiO2 mask, and (b) I-V obtained from the mesa using two tungsten
probe needles in contact with bare SiC surface.

The desirable ohmic behavior was observed by I-V measurement taken with two tungsten
needles in contact with the bare mesa surface. No apparent morphology degradation of the
selectively grown mesa was observed. The donor concentration was estimated to exceed
1x1019 cm-3, which is required for good quality SiC devices.

4.2.2.4 SEG of p-type epilayers
One of the main obstacles encountered in this work was related to lowtemperature SEG (LTSEG) of p-type epilayers using an SiO2 mask.
The problem was observed during in-situ trimethylaluminum (TMA) doping at
very high Al concentration, which is used to achieve heavily doped p-type mesas, with
SiO2 as the masking material. The reaction of Al with oxygen in the SiO2 mask caused
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gradual modification of the SiO2 mask surface. This was accompanied by deposition of
SiC on the mask instead of in the desirable SiC growth in the seed window areas.

SiC Seed window area

SiO2 mask converted to
AlxO1-x

Figure 4.32.

Optical
microscope
image of SiO2 mask
after growth with in-situ

Figure 4.33.

SEM image of SiO2
mask after growth with
in-situ TMA doping.

It was established by Energy Dispersive X-ray analysis, that the SiO2 mask gets
converted into a multiphase material containing AlxO1-x along with deposition of SiC on
the mask (Figures. 4.34 and 4.35).

Figure 4.34.

EDX spectra from the seed window area showing only SiC peaks.
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Figure 4.34 shows the EDX spectrum obtained from the seed window area. The
observation of only Si and C lines is due to the SiC substrate.

Figure 4.35.

Additional Al peak in the EDX spectrum measured on the mask, which
indicates formation of AlxO1-x phases.

Figure 4.35 shows the EDX spectrum from the masked area after the growth.
Lines corresponding to Al, O indicates that the SiO2 mask is converted into the AlxO1-x.
The presence of the Si and C EDS lines indicate that the deposition of SiC on the mask
takes place. It cannot be ruled out that the Si and C lines may be contributed from the
substrate below the oxide mask. However, no growth in the window area suggests that
there is undesirable deposition of Si and C species on the mask consuming the ad-species
and keeping them away from the desirable SEG growth.

4.2.2.5 Self-aligned fabrication technique based on LTSEG
Control of the small distances during device fabrication requires high-precision
photolithography. Self-aligning of a device region, with respect to another existing or
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previously formed region, is the best way to obtain the precision that is required for the
submicron topology formation.
As described in chapter 2, the use of SEG for the self-aligned formation of the
BJT emitter was explored in silicon device and IC fabrication technologies.
The use of SEG with an SiO2 spacer formed on the side-walls of a previously
formed mesa is proposed in this work as a method for self-aligned control of the distance
between the two device regions. The fabrication of these spacer regions and their use to
define the pattern of the additional SiC regions in a self-aligned manner would be
advantageous since it requires no additional photolithography or complicated processing
steps.
As one of important processing step, a simple method to form side-wall spacers at
the walls of SiC mesas has been developed (where mesas could be formed by a
traditional blanket epitaxial growth and etching or by another LTSEG fabrication steps).
A simple wet-etch process was utilized for the formation of the SiO2 spacer.
Mesas formed by low temperature SEG were used in this experiment (Fig.
4.36(a)). In order to form the SiO2 spacer region, a thin layer of thermal SiO2
(approximately 350nm thick) was grown by the thermal oxidation of SiC on the existing
mesas and on the surrounding planar areas of the substrate surface. The property of SiC
having different oxidation rates on different crystallographic orientations, which means
different growth rates on the top surface and the mesa sidewalls, was used to form the
side-wall spacer. It is known that the oxide growth rates on the sidewalls are
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approximately five times higher than that at the surface [63]. The figure 4.36(b) shows
the SEM image of the mesas and the surrounding areas after oxidation.

Figure 4.36.

Self-aligned SiO2 spacer formation using simple wet-etch process. (a) 4HSiC mesas formed by SEG (b) SiO2 deposited on mesa and surrounding
areas by thermal oxidation and (c) SiO2 spacer on mesa sidewalls after
wet-etch.

From the image, it can be seen that, as expected, the thickness of the grown oxide is
much higher at the mesa walls than other areas of the mesa. After the oxidation process, a
simple, non-directional wet-etch was used to remove the oxide on the top surfaces of the
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mesas and the surrounding areas. The oxide thickness on the sidewalls is much higher.
Therefore, the residual oxide (at least 0.3 µm thick) after wet-etch forms the spacer
region along the mesa sidewalls. Figure 4.36(c) shows the mesas after wet-etch with the
oxide spacer on the sidewalls.
Such spacer region is suitable for a variety of self-aligned device fabrication steps
based on SEG.

4.2.3 Prototype of 4H-SiC PiN diodes using low-temperature halo-carbon epitaxial
growth technique
In this part of the work, the benefits of using the low-temperature halo-carbon
epitaxial growth method at 1,300oC for device applications have been investigated. For
this purpose, prototypes of simplified PiN diodes with the anode formed by the low
temperature growth method were fabricated and tested.
For the fabrication of the PiN diodes, epitaxial growth of SiC at regular
temperature was used to form an 8.6 μm-thick n-type drift region with a net donor
concentration of 6.45x1015 cm-3 on commercial 8° off-axis 4H-SiC wafers. Later, TMA
doping in-situ during blanket low-temperature epitaxial growth at 1,300oC was used to
form heavily-doped p-type layers. Epitaxial growth was performed in a horizontal hot
wall CVD reactor at 1,300°C, as described in chapter 3. The anodes of the PiN devices
were defined by Reactive Ion Etching (RIE) using SF6 at ~35 mTorr. A 700 Å-thick
Nickel layer served as a mask for RIE. Subsequently, the same Ni layer was used to form
Ohmic contacts to the p+ anode. No edge termination or surface passivation was used in
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these diodes. The schematic cross-section of a typical diode is shown in Fig. 4.37a. The
top view (microscopic) of a circular diode covered with non-annealed Ni metal is also
shown in Fig 4.37b.
a)

b)
p+ low‐temperature epi
20

(1µm, 2.7x10

cm‐3)

N‐ drift layer
(8.6µm, 6.45x1015 cm‐3

N+ substrate

Figure 4.37.

a) Schematic cross-section of the 4H-SiC PiN diode with emitter formed
by low-temperature epitaxial growth technique b) Top view of the PIN
diode having p+ emitter formed by low-temperature epitaxial growth
technique with in situ Al doping. The mesa top is covered with Ni metal.

Initially, the forward I-V characteristics were measured even before depositing the back
side Ohmic contact, which confirmed a low value of the series resistance caused by the
p+ Ohmic contact (Fig. 4.38).
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Figure 4.38.

Comparison of forward current with and without backside Ni metal
contact.

The forward current in the device with the back side Ni was further increased almost two
orders of magnitude due to the elimination of the remaining component of the series
resistance. The forward characteristics measured from diodes that have different areas of
the anode with backside metal contact are shown in Fig. 4.39.
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Figure 4.39.

Forward bias characteristics of a PiN diode with a heavily p+ doped anode
formed using the low-temperature epitaxial growth. Forward
characteristics for devices with different emitter areas are shown.

The forward current values indicate low values of the series resistance, caused by the
Ohmic contact to the anode formed by the new growth technique, even without contact
annealing. At room temperature, a forward voltage of 3V was observed at 100A/cm2 for
the largest device, with an ideality factor of about 1.16. The series resistance (Rs) was
estimated to be about 15.2 ohms at room temperature.
The reverse breakdown voltage was also measured from these diodes. An average
value of more than 680 V was achieved from the 100 µm diodes without edge
termination (Fig 4.40). Though some of the existing commercial high-power SiC diodes
already have specifications of around 600 V and higher, all of those diodes are made with
sophisticated edge terminations techniques to avoid current crowding and early
breakdown effects.
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Figure 4.40.

Reverse bias characteristics measured from a 200µm diameter PiN diode
fabricated by the low temperature epitaxial growth method.

The impressive value of breakdown voltage obtained in the devices even without edge
termination is an indication of the good crystalline quality of SiC grown by the lowtemperature epitaxial growth technique.
The current through the PN diode is given by the expression:

⎛ qV
⎞
I = I o exp⎜
− 1⎟
⎝ kt
⎠
Where

Io – reverse saturation current
V – voltage applied
t - temperature
q - charge of an electron (=1.602x107 pico coulombs)
k - Boltzmann constant
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(4.1)

The increase in the temperature causes the additional generation of electron-hole pairs
and leads to increased conductivity. From the above equation (4.1), it can be observed
that there is an increase in current for a fixed voltage with increase in temperature.
Figure 4.41 shows the forward characteristics of the SiC PiN diode measured in
the temperature range from 30 to 170oC. The ON-state characteristics were measured at
each temperature interval of 10oC. A decrease in the turn-on voltage of the diodes was
observed due to the reduction in the built-in potential of the p-n junction.
The built-in potential of a pn diode [71] is expressed by the expression:
Vbuilt−in =
Where

kt ⎜⎛ Na.Nd ⎟⎞
ln
q ⎜⎝ ni 2 ⎠⎟

(4.2)

k - Boltzmann constant
t - temperature
q - charge of an electron (=1.602x107 pico coloumbs)
Nd - doping of n-type region
Na - doping of p-type region
ni – intrinsic carrier concentration of the material

The intrinsic carrier concentration [71] is given by:

( )

ni (t ) = 1.7x1016 t 3 / 2 .e −(2.08x10

4

)/t

(4.3)

The intrinsic carrier is a function of temperature and from equation 4.2, it can be seen that
the intrinsic concentration of the material increases with temperature. Additionally, the
phenomenon of bandgap narrowing has a strong impact on the intrinsic concentration. It
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is estimated that the intrinsic carrier concentration increases by more than an order of
magnitude for high doping concentrations above 3x1019 cm-3. As a result (from equation
(4.3)), the built-in voltage decreases with temperature. It was estimated from calculations
that for the estimation doping of 2.7x1020 cm-3 and 6.45x1015 cm-3 of the p+ and drift
regions, respectively, the built-in voltage reduces by about 1mV/oC, due to temperature
effects.

Figure 4.41.

Forward I-V characteristics measured at different temperatures from 30 to
170oC.

The ideality factor varied between 1.16 and 1.23 as the temperature was increased from
30 to 170oC. Also, from Fig. 4.41, it is evident that at higher current densities of about
3V, the effect of the temperature on the I-V characteristics is minimized, and the I-V
curves overlap. Since the PiN diode is a bipolar device, the drift resistance does not affect
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the I-V characteristics at lower current densities due to conductivity modulation. The drift
region resistance of the PiN diode [71] can be defined by the equation:

Rdrift =
Where

Tdrift
qμ n (T )N drift

(4.4)

Tdrift = thickness of drift region
μn(T) = mobility of carriers
N drift = doping of drift region

As the temperature increases, the carrier mobility decreases, and the carrier lifetime
increases significantly. Therefore, the overlap in the I-V characteristics can be explained
as being caused due to a balance in the carrier mobility and the carrier lifetime.
In addition, contact annealing was done in an attempt to reduce the contact
resistance and improve the performance. Fig. 4.42 shows the forward characteristics
before and after contact annealing.
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Figure 4.42.

Forward characteristics of a 100µm diode before and after contact
annealing.

As observed from figure 4.42, the performance improved after the contact anneal. It was
estimated that the specific on resistance of the diode reduced from 0.8 mΩ·cm² before the
contact anneal to 0.3 mΩ·cm² after the annealing.
SiC PiN diodes have been fabricated and reported for the first time using the lowtemperature epitaxial growth process. Promising results of the low value of the series
resistance and high value of the breakdown voltage achieved in these devices strongly
support the feasibility of using the process for a wide range of device applications.
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CHAPTER V
SUMMARY AND FUTURE RECOMMENDATIONS

This work aimed at addressing the main problems of the existing doping
techniques in SiC by offering novel techniques for doping, including selective doping.
For example, high temperatures required by ion implantation and post-implantation
annealing in SiC and residual lattice damage-related defects caused by ion implantation
make ion implantation problematic for SiC device fabrication. Although, traditional
blanket epitaxial growth at higher growth temperatures remains as one of the main
technique to achieve low and highly doped SiC epilayers, lower growth temperatures
offer advantages such as increased dopant incorporation and also possibilities for SEG.
The non-conventional doping approaches explored in this work offer advantages over ion
implantation and regular-temperature epitaxial growth, which makes them promising for
use in SiC device applications.
The first doping approach explored in this work was based on conductivity
modulation through Recombination Induced Passivation (RIP) of acceptors with
hydrogen. Conductivity inversion via defect reactions in SiC, reported in this work for
the first time, could provide a means for selective doping of SiC by using the direct-write
method, where a laser beam could be used to scan specific regions to alter SiC
113

conductivity. RIP also provides a means for mask-modulated conductivity inversion in
SiC, which could be very useful for device applications.
The problems with this approach identified in this work primarily relate to low
thermal stability of the conductivity modulation achieved by RIP. This requires the
development of low-temperature ohmic contact formation techniques. This problem may
also limit the range of possible device applications.
The second novel approach to doping, developed in this work, is based on lowtemperature epitaxial growth of SiC. A potential to provide high-quality epilayers and a
means of varying doping in selective areas of the device have been demonstrated. This
could eliminate the complications from the use of other conventional selective doping
techniques such as surface roughness, lattice damage, and dimensionality control. The
proposed low-temperature SEG technique enables the use of the conventional low
temperature mask such as SiO2, which was not possible for 4H or 6H SiC prior to this
work. This technique promises advantages such as lower manufacturing cost, higher
efficiency, and could be used to eliminate many sources of performance degradation in
existing SiC devices and transistors.
Prior to this dissertation, the development of the low-temperature halo-carbon
epitaxial growth method at Mississippi State University lacked the demonstration of any
functioning devices utilizing this method. This goal was achieved in this dissertation for
the first time. This method was used to fabricate and test simplified SiC PiN diodes.
Highly-doped epilayers to form good ohmic contacts to p-type SiC were formed by the
low-temperature epitaxial growth technique. The diodes fabricated exhibited promising
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results of forward current values, indicating low values of the series resistance, even
without contact annealing. At room temperature, 100 μm-diameter diodes with a forward
voltage of 3.75 V at 1,000A/cm² before annealing and 3.23 V after annealing were
achieved. The variations in the performance of the diodes were also found to be stable in
the temperature range of 30 to 170oC. The ideality factor varied between 1.16 and 1.23
with temperature variation between 30 and 170oC. Reverse breakdown voltage more than
680 V, on average, was measured in the devices, even without surface passivation or
edge termination. A low value of the series resistance and high value of the breakdown
voltage achieved in these devices strongly supports the feasibility of using the process for
a wide range of device applications.
Preliminary experiments for developing a self-aligned device fabrication
technique using SEG indicate that this technique can be successfully integrated with
existing device fabrication technology.

5.1 Future work

As a continuation of this work, a few recommendations for future research are proposed.
One of the main obstacles which remains unsolved in this work is the formation of a
suitable mask for SEG with in-situ TMA doping. A few different masking materials, such
as a carbon/graphite mask and a nitridated SiO2 mask, can be tried to overcome the
present problems. Other p-type doping sources, such as Boron or Trimethyl Gallium
(TMGa), may also be attempted using the SiO2 mask. Finally, novel devices using the
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self-aligned fabrication process based on low-temperature epitaxial growth and SEG may
be developed for better performing SiC power devices.
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